Effects of the small components of the nuclear wave function on threshold pionic disintegration of the deuteron by Delacroix, Etienne Amedee.
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1977 
Effects of the small components of the nuclear wave function on 
threshold pionic disintegration of the deuteron 
Etienne Amedee. Delacroix 
College of William & Mary - Arts & Sciences 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
Recommended Citation 
Delacroix, Etienne Amedee., "Effects of the small components of the nuclear wave function on threshold 
pionic disintegration of the deuteron" (1977). Dissertations, Theses, and Masters Projects. Paper 
1539623704. 
https://dx.doi.org/doi:10.21220/s2-cc0x-t908 
This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
INFORMATION TO USERS
Thii malarial m m  produced from a microfilm copy of tha original document. Whila 
tha moat adwanoad technologfeai m a n  to photograph and reproduce thlt documant 
haw# baan uaad, tha quality ia heavily dapandant upon tha quality of tha ori^nd 
submitted.
Tha following explanation of techniques it provided to  help you understand 
marking* or pattern* which may appear on this reproduction.
1. Tha sipi or ' target" for pages qiparantiy lacking from tha documant 
photopephad Is "Missing P s p ( i r .  tf it was possible to obtain tha mining 
page!*) or section, they are spliced Into tha film along with adjacent pages. 
This may have nacanitatad cutting thru an tm ap and duplicating adjacent 
pages to insure you complete continuity.
2. Whan an image on tha film ii obliterated with a large round black mark, it 
It an Indication that tha photop-apher suspected that tha copy may have 
moved during exposure and thus causa a blurred image. You wMI find a 
good image of the p e p  in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand comer of a large dteot and to continue photoing from left to 
right in equal tactions with a smell overlap. If necessary, sectioning is 
continued again -  beginning below die fin t row and continuing on until
WMWilrta  w i r  H r m q *
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be mad* from 
"photographs" if essential to the understanding of the d issertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department giving the catalog number, tide, author and 
specific page* you wish reproduced.
8. PLEASE NOTE: Soma pages may have Indistinct print. Filmed as 
received.
University Microfilms International
300 North Z m b Mood
Ann Arbor, Michigan 40106 USA
St. Jodn'i Road. Tyttr'i Gr*#n
High Wycombe. Bochi. England HP1Q &HR
77-31,789
DELACROIX, Etienne Amedee, 1947-
EFFECTS OF THE SHALL COMPONENTS OF THE 
NUCLEAR HAVE FUNCTION ON THRESHOLD PIONIC 
DISINTEGRATION OF THE DEUTEROH.
The College o f H11 Ham and Mary in V irg in ia , 
Ph.D,, 1977 
Physics, nuclear
Untvarelty Microfilms International , Ann Arbor, Michigan 4S106
EFFECTS OF THE SMALL COMPONENTS OF THE NUCLEAB WAVE FUNCTION 
ON THRESHOLD PIONIC DISINTEGRATION OF THE DEtTTJHGN
A D is s e r t a t io n  
P re s e n te d  to  
The F acu lty  o f  The Departm ent o f  P h y s ic s  
The C o llege  o f  W illiam  and Mary i n  V ir g in ia
In  P a r t i a l  F u lf i l lm e n t 
O f th e  R equirem ents f o r  th e  D egree  o f  
Doctor o f  P h ilosophy
by
E tienne  Amedee D e lac ro ix  
Ju n e  1977
APPROVAL SHEET
T h is  d i s s e r t a t i o n  i s  su b m itte d  in  p a r t i a l  f u l f i l l m e n t  
th e  re q u ire m e n ts  f o r  th e  d e g re e  o f
D octo r o f  P h ilo so p h y
^EtieiM TffT inedee D e la c ro ix
A pproved , Ju n e  1977
F ranz  L. Grpss
lS*rC  l l r t > -
K arl H o lin d e  
U n iv e r s i ty  o f  Bonn, Germany
C a rl E . C arlso n
C h a r le s  F. P e r d r i s a t
H e rb e r t  0 , Funsten
TABLE 0 ?  CONTENTS
Page
ACKNOWLEDGMENTS.........................................................................................  iv
A B STR A C T.......................................................................................................  V
I .  INTRODUCTION AND GENERAL O U T L IN E .................................................  1
I I .  CLASSIFICATION OP HE L AT IVI STIC CORRECTIONS.........................  25
X U . AMBIGUITY IN THE -ITN  COUPLING AND LOW-ENERGY I f N
S C A T T E R IN G ........................................................................................................  1)9
IV. THRESHOLD PIONIC DISINTEGRATION OF DEUTERIUM......................  60
V. NUMERICAL RESULTS AND CONCLUSIONS...............................................   8U
AFPEHDIX
I .  POLE DIAGRAM CONTRIBUTION TO tT * l --------------   ^
I I .  MATRIX REPRESENTATION OF NN SPIN HARMONIC FUNCTIONS . . 102
REFERENCES................................................................................................... 10(5
i i i
ACKNOWLEDCatENTS
deep g r a t i t u d e  goes t o  t h e  e n t i r e  W illiam  and Mary P h y sic s  
D epartm ent f o r  i t s  co n tin u o u s  , unque a t  to n in g  su p p o rt d u r in g  seven  y e a r s ,  
th u s  a l l o v in g  fo r  a  many f a c e te d  p e r s o n a l  grow th .
In  p a r t i c u l a r  to  P r o fe s s o r  F ran z  d ro s s  fo r  h i s  encouragem ent 
and  p a t i e n t  gu idance  th ro u g h o u t t h i s  long  and d i f f i c u l t  a p p r e n t ic e s h ip .
To P ro fe s s o r s  C a r l C a rlso n  and Edward Ftemler f o r  numerous en­
l ig h te n in g  d is c u s s io n s  and h e lp f u l  s u g g e s t io n s .
To W arren Buck and John Horn a te  in  f o r  t h e i r  e s s e n t i a l  con­
t r i b u t i o n s  .
To my f r i e n d  R a fa e l  fo r  s h a r in g  th e  d a rk  s id e  o f  t h in g s ,  
o v e r and o v e r  a g a in .
To S te p h a n ie  who perfo rm ed  a  m ira c le .
iv
ABSTRACT
The o r i g i n  o f  t h e  v a r io u s  r e l a t i v i s t i c  c o r r e c t i o n s  t o  th e  
s ta n d a r d  H .R , m a tr ix  e le m e n ts  f o r  lo v -e n e rg y  p ro c e s s e s  in v o lv in g  t h e  
tw o -n u c le o n  sy stem  i s  exam ined w i th in  th e  fram ework o f  G r o s s 's  q u a s i  -  
p o t e n t i a l  e q u a t io n .  The le a d in g  c o r r e c t io n s  a re  s e e n  t o  a r i s e  from  
t h e  sm a ll r e l a t i v i a t i c  com ponents o f  t h e  NH w a v e fu n c tio n  w hich a re  
g e n e r a te d  b y  th e  a n t in u c le o n  d e g re e s  o f  freedom  in h e r e n t ly  p r e s e n t  i n  
a  r e l a t i v i a t i c  th e o ry #
H ie e f f e c t s  o f  t h e s e  s m a l l  com ponents o f  t h e  n u c le a r  w av e- 
f u n c t io n s  a r e  c a l c u l a t e d  f o r  th r e s h o ld  p io n lc  d i s i n t e g r a t i o n  o f th e  
d e u te r o n  w here th e y  a r e  shown t o  make a  m easu rab le  c o n t r i b u t i o n .  Our 
m odel i n d i c a t e s  t h a t  t h e  in c lu s io n  o f  t h e  em ail com ponents o f  th e  v a v e -  
fu n e tio n H  f o r  any  m ix tu re  o f  th e  P ,V ,- P .S .  "fT N c o u p lin g s  r e q u i r e s  
t h a t  th e  r e a c t i o n  m echanism  b e  t r e a t e d  c o n s i s t e n t ly  w ith  a  c o r r e c t  d e s ­
c r i p t i o n  o f  low e n e rg y  i r  If s c a t t e r i n g .
v
EFFECTS OF THE SHALL COMPONENTS OF THE NUCLEAR WAVEFUNCTION 
ON THRESHOLD PIQIilC DISINTEGRATION OF THE DEOTEEON
I .  INTRODUCTION AMD GENERAL OUTLINE
T his d i s s e r t a t i o n  c o n ce rn s  i t s e l f  w ith  th e  a p p l ic a t io n  o f
th e  r e l a t i v i s t i c  th e o ry  o f  n u c le a r  fo r c e s  r e c e n t ly  dev e lo p ed  "by Gross'^
to  t h e  d e s c r ip t io n  o f  le v  e n e rg y  p ro c e s s e s  and  in  p a r t i c u l a r  t o  th r e s h o ld
p ic n ic  d i s i n t e g r a t i o n  o f  th e  d e u te ro n  f o r  w hich we c a lc u la te  th e  le a d in g
2r e l a t i v i s t i c  c o r r e c t io n s .  T hese  c o r r e c t io n s  w i l l  he se e n  t o  a r i s e  
from I n t r i n s i c a l l y  r e l a t i v i s t i c  componenta o f  th e  NN w a v efu n c tio n  a s s o ­
c ia te d  w ith  th e  a n tin u c le o n  d e g re e s  o f  freedom  in h e r e n t ly  p re s e n t  in  a 
r e l a t i v i s t i c  th e o ry .
B ecause o f  th e  d i f f i c u l t i e s  p re s e n te d  by th e  developm ent o f  
a h o n - t r i v i a l  r e l a t i v i s t i c  d e s c r ip t i o n  Of many body s y s te m s ,n u c le a r  
p ro c e s s e s  have been t r a d i t i o n a l l y  a n a ly se d  in  te rm s  o f  s ta n d a rd  non- 
r e l a t i v i s t i c  quantum m ech an ic s : c ro s s  s e c t io n s  a re  o b ta in e d  by c a lc u ­
l a t i n g  betw een th e  r e le v a n t  n u c le a r  w a v e fu n c tio n s , th e  m a tr ix  e lem en ts 
o f  some t r a n s i t i o n  o p e ra to r s  s e l e c te d  t o  d e s c r ib e  th e  mechanism o f  i n ­
t e r a c t i o n  o f  t h e  p ro b e  (p io n ,  p h o to n , weak c u r r e n t )  w ith  th e  n u c le a r  
sy stem . F ig u re  1 r e p r e s e n ts  s y m b o lic a l ly ,  In  b ra c k e t n o t a t i o n s ,  th e  
N<R. m a tr ix  e lem en ts  f o r  some t y p i c a l  m echanism s: D ir e c t  a b so rp tio n
o f th e  p robe  on one n u c leo n  ( l a )  i s  g e n e r a l ly  known as th e  "im pulse  
a p p ro x im a tio n " . F iona w i l l  o f te n  s c a t t e r  on a  f i r s t  n u c leo n  b e fo re  
th e y  can  be a b so rb ed  by a n o th e r ,  a mechanism o f te n  c a l l e d  " r e s c a t t e r in g "  
( l b ) .  I t  io  a ls o  p o s s ib le  f o r  t h e  p ro b e  t o  i n t e r a c t  d i r e c t l y  w ith  one 
o f  th e  n u c le a r  m esons, g iv in g  r i s e  t o  w hat one can p ro p e r ly  c a l l  a  meson
2exchange c o r r e c t i o n  ( i c )  t o  th e  im p u lse  a p p ro x im a tio n
'  \  &
f
C
( l a )
( lb }
me aon exchange ( In )
F ig -  1 - N .R. m a t r ix  e le m e n ts  o f  t r a n s i t i o n  o p e ra to r s
T hese  m a tr ix  e le m e n ts  in v o lv e  s ta n d a r d  S c h ro e d in g e r  w a v e fu n c tio n s , on 
m ass s h e l l  n u c le o n s  and i n t e g r a t i o n s  o v e r  t h r e e  d im e n s io n a l s p a c e ,  I . e .  
th e y  ta k e  t h e  g e n e r a l  form
and sh o u ld  be r e g a rd e d  a s  o u r  b e e t  a v a i l a b l e  a p p ro x im a tio n  f o r  th e  c o r ­
re s p o n d in g , and  i n  p r i n c i p l e  e x a c t ,  r e l a t i v i s t i c  a m p litu d e s  w hich  in v o lv e  
i n s t e a d  c o v a r ia n t  i n t e r a c t i o n  v e r t i c e s ,  o f f  m ass s h e l l  r e l a t i v i s t i c  
n u c le o n s  ( i . e .  p ro p a g a t in g  a l s o  a s  a n t in u c le o n s }  and i n t e g r a t i o n s  ov er 
fo u r  d im e n s io n a l sp a c e -  T hese l a t t e r  q u a n t i t i e s  sh o u ld  b e  r e p r e s e n te d  
by Feynman d ia g ra m s .
p r e s e n ts  c o n s id e r a b le  d i f f i c u l t i e s  f o r  many n u c le o n  s y s te m s , t h e  t a s k  
rem ain s  q u i t e  m anageab le  f o r  p r o c e s s e s  in v o lv in g  o n ly  tw o n u c le o n s .
In  su ch  c a s e s  Feynman d iag ram s a r e  s t i l l  r e l a t i v e l y  s im p le  ( s e e  F i g .  2)
( 1- 1)
W hile t h e  c o n s t r u c t io n  and th e  e v a lu a t io n  o f  th e s e  d iag ram s
3an d  t h e  r e l a t i o n  b e tw een  c o v e r ia n t  Nil v o r t i c e s  and  s ta n d a r d  w av efu n c tio n s  
c a n  b e  e s t a b l i s h e d  in  & s t r a i g h t f o r w a r d  m an n er. F ig u re  2 shows th e  
Feynm an d ia g ra m s  c o r re s p o n d in g  to  t h e  m echanism s o f  F ig . 1 f o r  r e a c t io n s  
i n v o lv in g  d e u te ro n H .
By a l lo w in g  a d i r e c t  c o m p ariso n  o f  n o n r e l a t i v i a t i c  m a tr ix  e lem en ts  to  
t h e  r e d u c t i o n  o f  c o r r e s p o n d in g  e x a c t  r e l a t i v i s t i c  a m p li tu d e s ,  p ro c e ss e s  
in v o lv in g  t h e  tw o n u c le o n s  sy s te m  g iv e  u s  t h e  p o s s i b i l i t y  t o  g a in  much 
I n s i g h t  i n  t h e  n a t u r e  an d  t h e  im p o r ta n c e  o f  r e l a t i v i a t i c  c o r r e c t io n s  to  
t h e  s t a n d a r d  d e s c r i p t i o n  o f  n u c l e a r  p r o c e s s e s .  In  o r d e r  t o  i l l u s t r a t e  
t h e  f o l lo w in g  d i s c u s s io n  we f i r s t  w r i t e  down th e  Feynman a m p litu d e  a sso ­
c i a t e d  w i th  th e  im p u lse  d ia g ra m  o f  F ig .  2 a .
r e s c a t t e r i n g :
im p u ls e :
m eson e x c h a n g e : (2c)
F ig ,  2 . E xam ples o f  Feynman d ia g ra m s  f o r  D eu teron  
D i s i n t e g r a t i o n  by  p h o to n s  an d  p lo n s
ll
In  t h i s  am p litu d e  t c oca t r u e  te d  a c c o rd in g  t o  th e  u s u a l  Feynman ru le s
the S p 's  a re  Feynman p ro p a g a to rs  and th e  C’s a r e  c h a rg e  c o n ju g a tio n  
m a tric e s  re q u ire d  t o  t r e a t  t h i s  d iag ram  In  a n a lo g y  w ith  a c lo se d  ferm ion 
lo o p , and 1^ a r e  c o v a r ia n t  Nfl v e r t i c e s  f o r  th e  d e u te ro n  and fo r  th e
f i n a l  s c a t t e r i n g  s t a t e  r e s p e c t iv e ly  w h ile  P. I s  th e  p ion  n u c leo n  in -JVBf
te r a c t l o n  v e r te x  w hich ve d is c u s s  in  C hap ter I I I ,
in t e r n a l  dynamics o f  th e  two n u c leo n  sy stem . Aa th e y  must b e  L oren tz  
s c a la r s  th e y  can be p a ra m e tr iz e d  I n  term s o f  a l l  In d ep en d en t s c a l a r  p ro ­
ducts o f  th e  fo u r  v e c to r s  p r e s e n t  a t  th e  v e r te x  and th e  fo u r  d l r a c  m a tr ic e s  
. To each  o f th e s e  s c a l a r  p a ra m e te rs  I s  a s s o c ia te d  a  s c a l a r  in v a r ­
i a n t  s t r u c tu r e  fu n c tio n  ( v e r te x  i n v a r i a n t )  whose d y nam ical c o n te n t i s  th e  
r e l a t i v i s t i c  an a lo g  o f  t h a t  o f  th e  r a d i a l  wave fu n c t io n s  w hich appear In 
the N,R. m a tr ix  e le m e n ts . W hile th e s e  w a v e fu n c tto n s  a re  n o rm a lly  c a lc u ­
la te d  by s o lv in g  th e  S c h ro e d in g e r  e q u a t io n t th e  v e r t e x  i n v a r i a n t s  must 
be c a lc u la te d  by s o lv in g  a c o v a r ia n t  i n t e g r a l  e q u a t io n  d e riv e d  from th e  
w e ll known B e th e -S a lp e te r  e q u a tio n  r e p r e s e n te d  d ia g r a m a t ic a l ly  in  F ig , 3.
The B e th e -S a lp e te r  e q u a tio n  can b e  w r i t t e n  in  a b b re v ia te d  n o ta t io n  as
5The r e l a t i o n  betw een v e r te x  in v a r ia n ta  and r a d i a l  w avefhnctlonB  1b an 
im p o rtan t in g r e d ie n t  o f  our work and w i l l  be  s t r e s s e d  a s  v a r io u s  p o in ts  
o f  t h i s  d i s s e r t a t i o n .
F ig . 3 . P l a y  am ative r e p r e s e n ta t io n  o f  th e  B e th e -S a lp e te r  
I n t e g r a l  e q u a tio n  fo r  th e  bound s t a t e  MM v e r t e x .
In  C hapter I I  we an a ly ze  a l l  s te p s  o f  th e  r e d u c tio n  o f  Feynman am plitudes 
f o r  low energy  p h o to  and p ia n lc  d i s in t e g r a t i o n  o f  th e  d e u te ro n  to  t h e i r  
c o rre sp o n d in g  N.H. m a tr ix  e lem en ts  {see F ig .  M and show how t h i s  red u c­
t io n  g e n e ra te s  v a r io u s  ty p es  o f  r e l a t i v i s t i c  c o r r e c t io n s  whose im portance  
can depend on th e  n a tu re  o f  th e  probe and th e  k in e m a tic  regim e o f  the  
r e a c t io n .
where G i s  th e  f u l l y  r e l a t i v i s t i c  p ro p a g a to r  f o r  th e  two in te rm e d ia te  
nucleons and V i s  th e  sum o f  a l l  i r r e d u c t i b l e  d iag ram s c o n t r ib u t in g  to  
th e  M  dynam ics. By ch o o sin g  a s u i t a b le  m o d if ic a t io n  o f  th e  p ro p ag a to r 
G ■ g 4 fG^g) one can re a r ra n g e  t h i s  i n t e g r a l  e q u a tio n  in to  a  more 
m anageable th r e e  d im en sio n a l c o v a r ia n t  e q u a tio n  g e n e r a l ly  known as a  
q u a s lp o te n t la l  e q u a tio n . '’
6\
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F ig .  I*.
We v i l l  d e s c r ib e  t h r e e  c l a s s e s  o f  r e l a t i v i a t i c  c o r r e c t io n s  t o  th e  N.Ft. 
m a t r ix  e le m e n ts ;
a m p litu d e  1 -2 )  can  be p e rfo rm ed  by a p p l i c a t i o n  o f  th e  r e s id u e  th eo rem  
t o  th e  s i n g u l a r i t i e s  o f  t h e  In te g ra n d  i n  th e  k^ com plex p la n e .  We can 
r e w r i t e  t h i s  fo u r  d im e n s io n a l i n t e g r a l  aa a  sum o f  t h r e e  d im e n s io n a l 
i n t e g r a l s  w hose m agn itude  v i l l  d e c re a s e  w i th  th e  d i s t a n c e  o f  th e  a s s o ­
c i a t e d  p o le  from  th e  o r i g i n  o f  t h e  com plex p la n e  ( s e e  Chap. I  f o r  fu r th e r  
d e t a i l s ) .  In  some v e i l  s tu d ie d  cases  su ch  a s  th e  E.M, d i s i n t e g r a t i o n
and th e  E,M. form  f a c to r  o f  t h e  d e u te r o n , th e  dom inant c o n t r ib u t io n
comes c l e a r l y  from a  p o le  w hich  a r i s e s  a s  th e  s p e c t a t o r  nu c leo n  k i s
p u t on i t s  m ass s h e l l  ( s e e  F ig .  5 ) .
1 .  D ynam ical C o r r e c t io n s : The kQ p a r t  o f  th e  fo u r  dim en­
s i o n a l  lo o p  i n t e g r a l  o v e r dk^ = dkQd \  ( s u c h  as  i t  a p p ea rs  in  th e  Feynman
K en* 
t f l to /L  k *  r
> W ‘y d * A i J t 3 r ^
F ig ,  5 , The s p e c t a t o r  a p p ro x im a tio n . The c r o s s  i n d ic a te s  
t h a t  a  n u c le o n  i s  r e s t r i c t e d  t o  I t s  moss s h e l l .
7R e c a l l in g  th a t  th e  K.R. d e s c r ip t i o n  a t  a r t s  a  p r i o r i  w ith  a l l  n u c le o n s  
p r o p a g a t in g  on t h e i r  mass s h e l l ,  t h i s  s p e c t a t o r  c o n t r ib u t io n  can be 
th o u g h t o f  as  th e  d i r e c t  r e l a t i v i a t i c  a n a lo g  o f  t h e  N.R. m a t r ix  e le m e n t .  
F o r th lH  re a so n  th e  s p e c ta to r  a p p ro x im a tio n  t o  t h e  im p u lse  d ia g ra m  o f  
F ig . can be c a l l e d  th e  r e l a t i v i s t i c  im p u lse  a p p ro x im a tio n  (R IA ).
The su cc e ss  o f  t h i s  a p p ro x im a tio n  in  E.M. p r o c e s s e s  h as  le d  
to  th e  developm ent by C ross o f  a q u a s i - p o t e n t i a l  th e o ry  o f  NN fo r c e s ^
In  w hich  th e  m o d if ic a t io n  o f  th e  tw o n u c leo n  p r o p a g a to r  a p p e a r in g  in  th e  
B e th e -S a lp e te r  e q u a tio n  (s e e  f o o tn o te  on p .  U} c o n s i s t s  in  r e s t r i c t i n g  
one n u c le o n  to  i t s  mass s h e l l .
F ig .  6 .  D la g ra m a tic  r e p r e s e n ta t i o n  o f  t h e  P roas
**k
t« n ) 3
^ u a s i p o te n t i a l  e q u a t io n  -
In  th e  fram ew ork o f  t h i s  th e o ry  th e  s p e c t a t o r  a p p ro x im a tio n  can  be e x ­
te n d ed  t o  o th e r  p ro b es  and o th e r  m echanism s a s  w e l l ,  as  we i n d i c a t e  in  
F ig .  7 f o r  th e  c a se  o f  th e  p la n ic  r e s c u t t e r i n g  d ia g ra m .
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F ig ,  7 , E x ten s io n  o f  th e  s p e c t a t o r  a p p ro x im a tio n  to
plan reHcatterlna.
The c o n t r ib u t io n s  from o th e r  p o le s  con th e n  he re g a rd e d  as a  p a r t i c u l a r  
c la s s  o f  r e l a t i v i s t i c  c o r r e c t io n s  c o rre sp o n d in g  t o  t h e  i n t e r a c t i o n s  o f  
s h o r t e r  ra n g e  ( i* e .  "d y n am ica l"  c o r r e c t io n s )  w hich a r i s e  and can  be  
t r e a t e d  n a t u r a l l y  by G ro s s ’ q u a s ip o t e n t i a l  th e o r y ,  {T his i s  d i s c u s s e d  
f u r t h e r  in  C h ap te r  1 .)
T hese  c o r r e c t io n s  how ever a r e  n o t th e  fo c u s  o f  o u r w ork and
v i l l  n o t be c a lc u la te d  i n  t h i s  d i s s e r t a t i o n .
We can th u s  im plem ent th e  s p e c t a t o r  a p p ro x im a tio n  in  a m p li­
tu d e  ( l - 2 ) .  The p ro p a g a to r  o f  th e  s p e c t a t o r  n u c le o n  a p p e a rs  in  t h i s
amplitude as
5>
O k ' -1 h ) t
(1 -3 )
A p p lic a t io n  o f  th e  r e s id u e  th eo rem  t o  t h e  p o le  a r i s i n g  tra m  t h i s
s in g u la r  denom ina to r b r in g s  ab o u t th e  p r e s c r i p t i o n
9w h ile  t h e  n u m e ra to r  becom es, f o r  an on s h e l l  n u c le o n
( 1-10( J t '  - b  M )  -  u T * 0  VLT( h )
C a r ry in g  th e s e  p r e s c r i p t i o n s  in  a m p litu d e  (1 -2 )  v e  can  r e a r r a n g e  th e  
r e s u l t  in  th e  form
^ I J C u V
(1 -5 )(A t; s. d ^ tj  ( }  J& v*  J  * *  v  •T w r f
The com parison  o f  t h i s  form  w ith  t h e  g e n e r a l  e x p re s s io n  ( l - l )  f o r  th e  
N ,R . m a tr ix  e le m e n ts  s u g g e s ts  Im m ed ia te ly  t h a t  we c o n s id e r
- a  4 M ? C5T*>
( 1- 6 )
■j) ( ^  i f - k )  -- - = =  h-T ( t ) C  Q  S F
To b e  th e  d i r e c t  r e l a t i v i s t i c  c o v a r ia n t  a n a lo g u e s  o f  t h e  R .R . wave fu n c ­
t i o n s  ^  and a p p e a r in g  i n  1 - 1 .
2 . R e c o i l  C o r r e c t io n s i W hile t h e  Feynman a m p litu d e s  in v o lv e  
c o v a r ia n t  q u a n t i t i e s  w hich can  in  p r i n c i p l e  b e  c a l c u l a t e d  i n  a fram e i n ­
d e p e n d e n t m anner (o n ce  th e  s c a l a r  I n v a r i a n t  s t r u c t u r e  f u n c t io n s  o f  i t s  
v e r t i c e s  a re  k n o w n ), n o n - r e l a t i v i s t i c  wave fu n  c t  i  one a r e  d e f in e d  i n  a  
p a r t i c u l a r  fram e o f  r e f e r e n c e .  As th e  e x t r a  momentum b ro u g h t in  by th e  
p ro b e  h a s  th e  e f f e c t  o f  b o o s t in g  th e  f i n a l  n u c le a r  v a v e f u n c t io n  t o  a  
m oving  fram e , d i f f e r e n t  from  t h a t  o f  t h e  i n i t i a l  n u c le a r  s t a t e ,  r e c o i l
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c o r r e c t io n s  a re  m ost n a t u r a l l y  seen  to  a r i s e  from  th e  t r a n s f o r m a t io n  o f  
t h a t  m oving v a v e f u n c t io n  to  I t s  r e s t  fram e . The d e t a i l s  o f  th e  h a n d l in g  
of th e s e  c o r r e c t io n s  r e s t  in  a th o ro u g h  u n d e r s ta n d in g  o f  t h e  r e l a t i o n  
betw een a c o v a r ia n t  NN v e r te x  and  a  fram e d e p e n d e n t N3J wave f u n c t io n  in  
i t s  s ta n d a rd  tw o com ponent form,, a s  we d i s c u s s  f u r th e r  in  C h a p te r  I I ,  
R ec o il c o r r e c t i o n s ,  h ta fe v e r , can b e  assumed t o  b e  s m a ll i n  low  en e rg y  
p ro c e s s e s  such  as  th r e s h o ld  d i s i n t e g r a t i o n  o f  t h e  d e u te ro n  and  v i l l  n o t 
be c o n s id e re d  in  t h i s  w ork.
C o n f ig u ra t io n s  o f  t h e  Mfl w a v e fu n c tio n s : In  Feynman d ia g ra m s , i n t e r n a l
n u c leo n  l i n e s  a r e  d e s c r ib e d  by Feynman p r o p a g a to r s  S (p )  w h ic h  a llo w  f o rr
a  f u l l y  r e l a t i v i s t i c  mode o f  p ro p a g a tio n  o f  th e  n u c le o n , i . e .  p ro p a g a tio n  
o f  a n t in u c le o n s  as w e l l  as n u c le o n s . The fo l lo w in g  s ta n d a r d  deccanposi-
p ic tu r e  o f  t h i s  mode o f  p ro p a g a tio n . In  th iH  e x p an s io n  th e  te rm  i n ­
v o lv in g  u - s p in o r a  c an  be a s s o c ia te d  w ith  th e  p ro p a g a t io n  o f  n u c le o n s  
and th e  te rm  in v o lv in g  v -a p in o ra  w ith  th e  p ro p a g a t io n  o f  a n t in u c le o n s  .
Thus t h e  NH v e r t i c e s  can  y i e l d  in te r m e d ia te  s t a t e s  c o n ta in in g  
v i r t u a l  a n t in u c le o n s , s t a t e s  w hich w ould n o t a r i s e  in  th e  fram ew ork o f  
a s t r i c t l y  n o n - r e l a t i v i s t i c  th e o ry *  These v i r t u a l  in te r m e d ia te  s t a t e s
3 . C o r r e c t io n s  a r i s in g  from  th e  ^ S m all"  com ponents o r " p a ir* 1
t io n  o f  th e  p ro p a g a to r.7
H W V p J
i n t u i t i v eg iv e s  a  u s e f u l  ( a l th o u g h  frame d e p e n d e n t, i . e .  pJ
(1 -7 )
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must co rre sp o n d  t o  e x t r a ,  s h o r t  ra n g e  c o n f ig u r a t io n s  in  th e  Htf v a v e -  
fu n c t io n s ;  The r o l e  o f  theB e i n t r i n s i c a l l y  r e l a t i v i s t i c  c e x p o n e n ts
o f th e  v a v e fu n c tio n s  in  p io n lc  d i s i n t e g r a t i o n  o f  t h e  d e u te ro n  c o n s t i t u t e s  
th e  main to p ic  o f  th iB  work* Ve now o u t l i n e  in  aome d e t a i l  th e  way in  
which th e y  a r i s e  and comment ab o u t t h e i r  m ost im p o r ta n t  p r o p e r t i e s ,
R ep lac in g  t h e  p ro p a g a to rs  In  th e  fram e in d e p e n d e n t r e l a t i v i s t i c  
vave fu n c tio n s  (1 -6 )  by th e  ex p an s io n  ( l - 7 )  we o b ta in  a  fram e d e p en d e n t 
form in  which p a r t  o f  th e  v a v e fu n c tio n  i s  e x p l i c i t l y  r e l a t e d  t o  t h e  a n t i -  
nuc leon  degrees o f  freedom , I . e .  in  th e  r e s t  fram e o f  th e  d e u te ro n  
{D = (M j, d e u te ro n  v a v e fu n c tio n  becom es
t U a , ;
where and a r e  g iv en  by  ^
r  , . « W 3'*In>
I w  I f m ) *  J i B t  ~
( 1- 8 )
(1 -9 )
v l t b  s im i la r  d e f i n i t i o n s  a r i s i n g  f o r  t h e  s c a t t e r i n g  s t a t e s  .The l / )  wave-
fu n c tio n s  in v o lv e  n u c le o n s  o n ly  and  must b e  e x p e c te d  t o  re d u c e  t o  a  two 
component form w hich in  th e  s t r i c t  a n a lo g  o f  th e  s ta n d a r d  U .R . w av efu n c - 
t i o n .  in v o lv e s  a n tin u c le o n o  and w i l l  re d u c e  t o  a  new ty p e  o f  two
component v a v e fu n c tio n  w hich ia  a b o r t  ra n g e d  and o f  p u re ly  r e l a t i v i s t i c
12
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o r i g i n .  In  o r d e r  t o  c a r r y  th e  r e d u c t io n  o f  t h e  m a tr ix  e le m e n ts  u F e u
r —TCu t o  t h e i r  tw o com ponent form s v e  m ust n e x t  I n tr o d u c e  th e  ap ­
p r o p r i a t e  HH v e r t i c e a .
S in c e  th e  s p e c t a t o r  a p p ro x im a tio n  r e s t r i c t s  one n u c le o n  t o  i t s  
mass s h e l l » th e  NN v e r t i c e s  a r e  o f  th e  s im p le s t  p o s s ib le  k in d ,  known as 
’' r e s t r i c t e d 11 v e r t i c e s  ( s e e  F i g .  8 )
F ig ,  9 ,  R e s t r i c t e d  v e r t e x  f o r  t h e  d e u te r o n .
F o r t h e  d e u te r o n , th e  m ost c o n v e n ie n t p a r a m e tr ic  a t  io n  o f  th e  r e s t r i c t e d
8 Vv e r t e x  I s  t h a t  I n t r o d u c e d  by  B la n k e n b e c le r  and  Cook { £  Is  th e  d e u te ro n  's  
p o l a r i z a t i o n  ^ - v e c to r )
C * ^ - 65*- <2£2}hX-i&\
and v e  have o u r s e lv e s  ( r e f .  9 ) in tr o d u c e d  s i m i l a r  p a ra m e tr lz a t lo n H  o f  
th e  r e s t r i c t e d  v e r t i c e s  f o r  t h e  s c a t t e r i n g  s t a t e s  c o r re s p o n d in g  t o  la v  J  
p a r t i a l  w aves. F o r  th e  1S^ c a s e  w hich h a s  no p o l a r i z a t i o n  we have
rs ■ [ t 1  t  H. J f
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U sing th o s e  p a r  a m e tr iz a t  I a n s  I t  to  a  s t r a ig h t f o r w a r d  m a tte r  t o  re d u c e  
th e  m a tr ix  e lem en ts  u P  Cu^ and v r c  uT t o  t h e i r  tw o component fo rm s .
The w av efu n c tio n e  th e n  a p p e a r  as  p ro d u c ts  o f  momentum space  r a d i a l  w ave- 
fu n c tio n s  and  s ta n d a rd  s p in -h a rm o n ic  f u n c t io n s  (a lth o u g h  c a s t  in  t h e i r  
le s s  f r e q u e n t  m a tr ix  r e p r e s e n t a t i o n  -  s e e  ap p en d ix  I I ) ,  i . e .  c a s t  in  
the  form
( 1- 12)2 f  *> X  *>
Han r e l n t i v i s t i c a l l y  t h e  d e u te ro n  i s  known a s  a  c o u p le d  a n g u la r
momentum s t a t e ,  and in d e e d  th e  " n u c le o n ” o r  " p o s i t iv e  e n e rg y 11 com ponent 
re d u c e s  e x a c t ly  t o  th e  form
*A
While th e  " a n i tn u c le o n "  o r  " n e g a t iv e  e n e rg y "  component re d u c e s  to
a p a i r  o f  P s t a t e s  ) w hich h a v e  no n o n - r e l a t i v i s t i e  a n a lo g u e s 10
t?‘> ‘  ( & * i W  , y  w  *  ^  * i f ) £  • “ >
S im ila r  r e s u l t s  o c cu r f o r  th e  r e s c a t t e r i n g  s t a t e s ;  In  th e  c a se  i j i  
red u ces  t o  th e  s ta n d a rd  ^Sq form  w h ile  i j f  re d u c es  to  an a s s o c i a t e d ,
I k
3
p u re ly  r e l a t i v i s t i c ,  PQ s t a t e
In th e  co u rse  o f  th e s e  r e d u c t io n s ,  one o b ta in s  e x p re s s io n s  f o r  th e  
r a d i a l  wave fu n c tio n s  In  te rm s o f  th e  v e r te x  i n v a r i a n t s ^  w hich in  t u r n
can he in v e r te d  t o  g iv e  th e  v e r te x  in v a r i a n t s  in  te rm s o f  th e  r a d i a l
space r a d i a l  w av efu n c tio n s  a r e  two e q u iv a le n t  s e t s  o f  f u n c t io n s  w hich 
ca rry  th e  same dynam ical in fo rm a tio n . B ecause th e s e  w a v e fu n c tio n s  a r e  
c a lc u la te d  from th e  v e r te x  I n v a r i a n t s ,  w i th in  th e  fram e o f  a  more g e n e r a l  
system  o f  e q u a tio n s  which c o n ta in s  dynam ical, in fo rm a tio n  n o t p r e s e n t  i n  
n o n - r e l a t i v i s t i c  e q u a tio n s , t h e i r  d e t a i l e d  f e a tu r e s ,  p a r t i c u l a r l y  in  
t h e i r  s h o r t  d i s t a n c e ,  h ig h  momentum ra n g e ,  can b e  q u i t e  d i f f e r e n t  from  
th o se  o f  th e  c o rre sp o n d in g  N,Ft. w a v e fu n c tio n s . In  t h i s  l i g h t ,  th e  s t a n -
o f th e  r e s u l t s  o f  t h i s  work, i s  t o  i l l u s t r a t e  f o r  th e  cane o f  p io n ic  d i s ­
in te g r a t io n  o f  th e  d e u te ro n  how a  c o n s i s te n t  in c lu s io n  o f  t h e  s m a ll ccan- 
ponente v i l l  n o t  only a llo w  th e s e  t o  make c o n t r ib u t io n s  o f  t h e i r  own h u t
w a v e fu n c tio n s . 12
Thus one sees  how v e r te x  in v a r i a n t  fu n c tio n s  and  momentum
dard  u^ R and w^ ^ d eu te ro n  wave fu n c t io n s  m ust be c o n s id e re d  as an
approxim ate s u b s t i t u t i o n  f o r  th e  more com plete  s e t  (u ,  v ,  v , v ) ,  One"t B
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a ls o  w i l l  a l t e r  t h e  c o n t r ib u t io n  o f  th e  s ta n d a r d  p o s i t i v e  e n e rg y  w av e- 
f u n c t io n s .  The re m a in in g  c h a p te r s  o f  t h i s  d i s s e r t a t i o n  a r e  c o n ce rn e d  
w ith  th e  a p p l i c a t io n  o f  th e s e  o b s e r v a t io n s  t o  p ic n ic  d ie  i n t e g r a t i o n  o f  
D eu teriu m ,
In  C h ap te r  I I I  v e  d i s c u s s  th e  u n c e r t a i n t i e s  w h ich  a r i s e  from  
th e  s t i l l  s ta n d in g  in d e te rm in a t io n  o v e r  t h e  c h o ic e  o f  th e  r e l a t i v i s t i c  
p io n  n u c le o n  c o u p lin g .  W hile b o th  p s e u d o s c a la r  ( P .S . )  and  p s e u d o v e c to r  
(P ,V . ) I n t e r a c t i o n s  a re  known t o  g iv e  m ore o r  l e s s  th e  same c o n t r ib u t io n  
to  th e  a b s o rp t io n  on th e  s ta n d a r d  com ponents o f  t h e  w a v e fu n c tio n s , (w hich  
In v o lv e  o n ly  nuc leo n H , i . e .  u - s p i n o r s ) s i n c e ,  a s  we show i n  C h a p te r  I I I
y sn  f1 i t .  r~* x l
»»# h n
th e s e  c o u p lin g s  a r e  seen  t o  g iv e  q u i t e  d i f f e r e n t  c o n t r ib u t io n s  t o  th e  
a b s o r p t io n  on th e  s m a l l  com ponents (w hich  in v o lv e  a n t in u c le o n s ,  i . e .  
v - s p i n o r s ) t  i . e .  f o r  an on s h e l l  p i  cm ve can  show t h a t
- f f  r T V  »  « P , Y v
The ( P .S . )  i n t e r a c t i o n  th u s  g iv in g  a  much l a r g e r  r e s u l t .  I t  i s
w e l l  known th a t  a  s i m i l a r  s i t u a t i o n  a r i s e s  in  low e n e rg y  TT N s c a t t e r i n g  
w here th e  r e l a t i v i a t i c  n u c leo n  p o le  te rm  g iv e s  a  v e ry  l a r g e  c o n t r i b u t i o n  
in  th e o ry  and r e q u i r e s  th e  B id d itio n  o f  a  B C & l a r  O' meson te rm  in
o rd e r  t o  f i t  th e  e x p e r im e n ta l  d a t a .  Such a  te rm  i s  n o t r e q u i r e d  i n  th e  
f f  (F .V .)  th e o r y  f o r  w h ich  t h e  n u c le o n  p o le  c o n t r i b u t i o n  i s  s u i t a b l y
16
e m a i l .  We adop t t h e  p o in t  o f  view t h a t  a  c o n s i s t e n t  t r e a tm e n t  o f  b o th  
c o u p lin g s  can be a c h ie v e d  by Im p lem en ting  t h e  e x p e r im e n ta l  c o n s t r a in t s  
o f  low  e n e rg y  "1TN s c a t t e r i n g  In  o u r m odel o f  p io n ic  d i s i n t e g r a t i o n .
In  C h ap te r  IV , fo l lo w in g  th e  s u g g e s t iv e  f i n d i n g s  o f an e x a c t ,  
f u l l y  r e l a t i v i s t i c ,  p r e l im in a ry  c a l c u l a t i o n  o f  th e  n u c le o n  p o le  d iag ram  
c o n t r ib u t io n  to  t h e  t o t a l  c r o s s  s e c t io n  f o r  t h i s  p ro c e s s  o v e r a b ro a d  
ra n g e  o f  e n e rg ie s  ( t h i s  c a l c u l a t i o n  i s  p r e s e n te d  in  a s e p a r a te  ap p en d ix  
t o  t h i s  d i s s e r t a t i o n )  we have c o n c e n tra te d  c u r  e f f o r t s  in  th e  th r e s h o ld  
r e g io n  f o r  w hich w e give a  d e t a i l e d  c a l c u l a t i o n  o f  b o th  th e  p o le  d i a ­
gram and th e  r e s c a t t e r l n g  me chan  i s  els (s e e  F ig ,  9) t n e g le c t in g  th e  f i n a l
s t a t e  I n t e r a c t i o n s  o f  th e  o u tg o in g  p ro to n s  in  a cc o rd a n c e  w ith  th e
13f in d in g s  o f  R isk a  e t  a l ,  (S ee d i s c u s s io n  a t  th e  end o f  t h i s  i n t r o ­
d u c t io n  )
V
F ig ,  9 - N ucleon p o le  end  p i  on r e g p a t t e r i n g  c o n t r i b u t i o n  
to  p la n i c  d i s i n t e g r a t i o n  o f  d e u te r iu m .
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The consequences o f  t h e  I n d u e ! o n  o f  th e  e m a il com ponents o f  th e  
d e u te ro n  w av efu n c tio n s  a re  d is c u s s e d  fo r  b o th  p se u d o a c n la r  and pseudo** 
v e c to r  c o u p lin g s .
A ll n u m e ric a l r e s u l t s  and th e  o v e r a l l  c o n c lu s io n  o f  t h i s  work 
a re  g iv e n  in  C hapter V,
B efo re  p ro c e ed in g  a lo n g  our o u t l in e  v e  conclude  t h i s  i n t r o ­
d u c t io n  w ith  a b r i e f  com parative  rev iew  o f w hat i s  known a b o u t t h r e s h ­
o ld  d i s i n t e g r a t i o n  by e i t h e r  p h o to n s  o r  p io n e .
N.R. m odels in  which th e  im pulse  ap p ro x im atio n  i s  su p p lem en ted  by a 
r e s c a t t e r i n g  term  as shown in  f i g .  1 0 .
Both r e a c t io n s  have been  d e sc r ib e d  q u i t e  s a t i s f a c t o r i l y  by
X .
(a )
F ig .  1 0 , N.R, m odels o f  th r e s h o ld  p h o to  ( a )  and p io n ic  (b )  
d i s in te g r a t io n s  o f  th e  d e u te ro n .
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T h re sh o ld  p h o to d ia in te g r a t io n  p r e s e n te d  fo r  a  lo n g  tim e  a 10$
d is c r e p a n c y  b e tw een  t h e o r e t i c a l  c o m p u ta tio n s  and th e  h ig h ly  p r e c i s e  e x -
lUp e r im e n ta l  d a ta  w hich  was f i n a l l y  re s o lv e d  when Gar 1 and  Huffman 
c a l c u l a t e d  th e  r e s c a t t e r i n g  c o n t r ib u t io n  i n  te rm s  o f  t h e  s t a t i c  Chew-‘Low 
p h o to p ro d u c tio n  a m p li tu d e , An a l t e r n a t i v e  e x p la n a t io n  was g iv e n  con­
c u r r e n t l y  by f t i s k a  and Brown1 '* who a cc o u n te d  f o r  t h e  b u lk  o f  th e  d i s ­
c re p a n c y  by  in c lu d in g  a  meson exchange e f f e c t  a r i s i n g  from  n u c leo n  
a n t in u c le o n  p a i r s .  U sing  ^ ^ { p s e u d o s c a la r )  p i  o n -n u c le o n  c o u p lin g ,  th e y  
c a l c u l a t e d  th e  N .R . m a tr ix  e lem en t o f  th e  so  c a l l e d  " p a i r  c u r r e n t"  
r e p r e s e n te d  in  f i g ,  1 1 .
+ •  I I  d y >
F i g ,  1 1 , N .R . m a tr ix  e le m e n t o f  th e  p a i r  c u r r e n t  J1 ■—■   * p a i r
The r e l a t i v i s t i c  im p u lse  a p p ro x im a tio n  (RIA) f o r  th r e s h o ld  p h o to d is -
12i n t e g r a t i o n  was r e c e n t l y  c a lc u la te d  by D r e s s i e r  and  G ro s s . T h e ir  
r e s u l t s  i n d i c a t e d  t h a t ,  when c a l c u l a t e d  w i th  TTH c o u p l in g ,  th e
s m a l l  com ponents o f  th e  wave f u n c t io n s  c o u ld  a l s o  a c c o u n t f o r  th e  d i s ­
c re p a n c y . I f  t h e  T V  (P .V .)  ifN  c o u p lin g  i s  u se d  th e  p a i r  c u r r e n t  
n e a r ly  v a n is h e s  w h ile  th e  s m a l l  com ponent wave f u n c t io n s  become much
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s m a l l e r  and  n e i t h e r  o f  them  makes any o b se rv a b le  c o n t r ib u t io n  to  th e  
p ro c e s s *  I n  t h i s  c a s e  h ow ever, th e  m inim al E.M. c o u p lin g  s u b s t i t u t i o n
%    *  ( 9 *  ~ i e A h )
g e n e r a te s  a  new c o n t a c t ,  " s e a g u l l"  te rm  when im plem ented in  th e  p seu d o - 
v e c to r  Tf N v e r t e x  - i j T y y *  ^  T his c o n ta c t  te rm  ( f i g .  12)
g iv e s  p r e c i s e l y  t h e  m ain c o n t r ib u t io n  to  th e  p h o to p ro d u c tio n  a m p litu d e  
u s e d  b y  G a r i and H ufftaan,
v '  = >  < t i i i - « >
F i g .  1 2 , C o n ta c t  ‘'s e a g u l l  te rm ” a r i s i n g  In  th e  
p a e u d o v e c to r  th e o r y .
Thus a l l  t h r e e  d e s c r i p t i o n s  can be shown to  b e  e q u iv a le n t  in  so  f a r  a s  
p h o to d iH in te g r a t io n  1s c o n c e rn e d .
C o n s id e r  t h e  tim e  o rd e re d  r e p r e s e n ta t i o n  o f  th e  d e u te r o n 's  
s m a l l  com ponent wave f u n c t io n  c o n t r ib u t io n  to  th e  BIA d iag ram  as  shown 
i n  f i g .  13 ( a ) .  {The n u c leo n  p ro p a g a to rs  a re  re p la c e d  by t h e i r  ex p an ­
s io n s  ( 1 - 7 ) and  o n ly  t h e  te rm s  r e le v a n t  to  a d i r e c t  com parison  w i th  
f i g .  11  a r e  k e p t , )
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(a ) (b )
F ig ,  1 3 , Tim e o r d e r e d  c o n t r ib u t io n  o f  th e  d e u te r o n ’s 
a m a l l  com ponents t o  th e  RIA d iag ram  In  
p h o to d is  i n t e g r a t i o n .
U sin g  th e  d ia g r a m a t ic  r e p r e s e n t a t i o n  o f  G ro se 1 e q u a t io n  g iven  in  f i g ,  6 
one can r e p la c e  t h e  d e u te r o n  v e r te x  in  F ig ,  13a t o  o b ta in  an a m p litu d e  
( s e e  F ig ,  13b) w hich  i s  d i r e c t l y  co m parab le  t o  th e  seco n d  te rm  o f  th e  
N ,R, p a i r  c u r r e n t  c o n t r i b u t i o n  o f  F ig .  1 1 ,  i f  th e  p o t e n t i a l  1 / i s  a p ­
p ro x im a te d  by i t s  lo n g e s t  ra n g e  OPE (one  p i on ex ch an g e ) p a r t .  A s i m i l a r  
a n a ly s i s  o f  th e  f i n a l  s t a t e  s c a t t e r i n g  v e r t e x  w ould  y i e l d  an a m p li tu d e  
a n a lo g o u s  t o  th e  f l r B t  te rm  o f  th e  N .R, p a i r  c o n t r i b u t i o n .  As th e  n c n -  
r e l a t i v i s t i c  c a l c u l a t i o n  u sed  s ta n d a rd  v a v e f u n c t io n a , th e y  im ply th e  
a p p ro x i m a ti  on
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which amounts e f f e c t i v e l y  t o  ig n o re  th e  s h o r t  range  m o d if ic a t io n s  o f  
th e  v a v e fu n c tio n e  which occu r when th e  em ail component wave fu n c tio n s  
a re  in c lu d e d  in  a  c o n s i s te n t  and  sy s te m a tic  way, Thun one must conclude  
th a t  p h o to d ia in te g r a t io n  i s  n o t s e n s i t iv e  t o  d e t a i l s  o f  th e  s h o r t  range 
p a r t  o f  th e  wave fu n c tio n  and d oes n o t o f f e r  ev idence  fo r  e f f e c t s  o f  th e  
sm all com ponents in d e p e n d e n tly  o f  th e  cho ice  o f  th e  *ffM c o u p lin g .
T h resh o ld  p ic n ic  d i s in t e g r a t i o n  p re s e n ts  a s t r i k i n g  d i f f e r e n c e  
w ith  th e  p re v io u s  p ro c e s s .  W hile th e  lew energy photons y i e ld  very  
slow n u c leo n s  w hich  th e r e f o r e  e x p e r ie n c e  a  la rg e  f i n a l  s t a t e  i n t e r ­
a c t io n ,  low en erg y  p la n s  must c o n v e r t t h e i r  r e s t  mass in  k i n e t i c  energy  
f a r  th e  o u tg o in g  n u c le o n s , g iv in g  th e s e  a  la rg e  r e l a t i v e  C,M. momentum.
F o llo w in g  th e  l a b e l s  o f  F ig .  (1 0 b ) , c o n se rv a tio n  o f  t o t a l  
fo u r  momentum im p lie s
Expanding th e s e  h -v e c to r  s c a l a r  p ro d u c ts  in  th e  C.M. system  ( i . e .  w ith  
1 + d ■ 0 and p  ■ -p ^ ) and f o r  on-mass s h e l l  p a r t i c l e s  one o b ta in s  
e a s i ly
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thuo  o b ta in in g  f o r  th e  r e l a t i v e  C.M. momentum o f  th e  f i n a l  n u c leo n s
T &  &  X o ^
H C
At auch  momentum, f i n a l  s t a t e  i n t e r a c t io n s  o f  th e  ou tgo ing  n u c leo n s can 
be e x p e c te d  t o  b e  f a r  le a n  im p o r ta n t th an  in  phot o i l s  i n t e g r a t i o n . Recent
W.R. c a lc u l a t i o n s  o f  t h i s  p ro c e s s  have in d eed  shown th a t  the c ro s s  se c -
13t lo n  i s  l a r g e ly  i n s e n s i t i v e  t o  th e  c o r r e la t io n s  in  th e  f i n a l  s t a t e  
wave f u n c t io n s . T h is  s u g g e s ts  In  p a r t i c u l a r  t h a t  th e  nucleon p o le  d ia ­
gram ( P ig .  T) v o u ld  b e  a  good ap p ro x im a tio n  t o  th e  Im pulse am plitude  
(F ig , 2 a ) .  Even th o u g h  i t  i s  v e i l  knovn, a s  vas shown a  decade ago by 
K o ltu n  and R e l t u n ^  t h a t  th e  r e s c a t t e r i n g  mechanism (see  F ig . 10)
F ig ,  l i t .  Feynman d iag ram  f o r  th e  r e s c a t t e r in g  me chan lpm 
In  p lo n ic  d i s i n t e g r a t i o n  v l t h  n e g l ig ib le  f i n a l  
s t a t e  i n t e r a c t i o n s .
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can  toe e x p e c te d  t o  g iv e  t h e  l a r g e s t  c o n t r i b u t i o n ,  t h e  im p u lse  c o n t r i ­
b u t io n  1b toy no m eans n e g l i g i b l e ,  W h ile  t h e  r e l a t i v i s t i c  Im p u lse  
d iag ram  f o r  p h o to d i  s i  in te g ra t io n  y i e l d e d  o v e r la p  i n t e g r a l  o f  v a w -  
f u n c t io n s  o v e r  t h e i r  e n t i r e  mcmentun r a n g e ,  th u s  m e a su rin g  o n ly  t h e i r  
o v e r a l l  r e l a t i v e  s c a l e s ,  th e  p o le  d ia g ra m  in  t h r e s h o l d  p io n lc  d i s i n ­
t e g r a t i o n  in v o lv e s  no sm e a r in g  i n t e g r a l s  b u t  r a t h e r  p ro b e s  d i r e c t l y  
th e  d e t a i l s  o f  t h e  d e u te r o n  momentum sp ac e  w ave fu n c t io n s  a s  p  = 360 MeV/c.
E x a m in a tio n  o f  th e s e  v a v e f u n c t lo n s  i n  t h e  3 0 0 -U00 MeV/c ra n g e  
( F ig ,  15) shows t h a t  t h e  S - s t& te  v a v e f u n c t lo n s ,  w hich  sh o u ld  n o rm a lly  
be  e x p e c te d  t o  g iv e  toy I t s e l f  t h e  d o m in an t c o n t r i b u t i o n ,  p a s s e s  th ro u g h  
a z e r o  in  th e  v i c i n i t y  o f  t h a t  ra n g e  and In  t h e r e f o r e  s m a ll n e a r  
360 MeV/c w h ile  th e  p a i r  c o n f ig u r a t io n  v a v e f u n c t io n s  a r e  s t i l l  c lo s e  t o  
t h e i r  p e a k in g  v la u e .
2 it
■ s  ■
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F ig . 1 5 . T y p ic a l  d e u tc r o n  momentum sp a c e  w a v e fu n c t1qdb 
f o r  c o u p l in g .
T h ese  o b s e r v a t io n s  s u g g e s t  t h a t  t h e  im p u lse  c o n t r i b u t i o n s  t o  th e  
t h r e s h o ld  -fC+^ — *"PP r e a c t i o n  i s  a  p a r t i c u l a r l y  f a v o r a b le  p la c e  to  
o b s e rv e  unam biguous e f f e c t s  o f  t h e  p a i r  c o n f ig u r a t io n s  in  t h e  d e u te ro n .
R e p o r t in g  th e  d i s c u s s io n  o f  o u r  r e s u l t s  an d  c o n c lu s io n s  to  
C h a p te r  VI we now t u r n  t o  a  m ore d e t a i l e d  s tu d y  o f  th e  v a r io u s  r e l a t l -  
v i s t i c  c o r r e c t io n s  r e f e r r e d  t o  i n  o u r  o u t l i n e .
I I .  CLASSIFICATION OF ftELATIVISTIC CORRECTIONS
'Hie o r i g i n  o f  th e  v a r io u s  r e  l e t !  v i a t i c  c o r r e c t i o n s  t o  th e
s t a n d a r d  n o n - r e l a t i v i s t i c  m a t r ix  e le m e n ts  Tor la v - e n e r g y  p ro c e s s e s  
c a n  h e  u n d e r s to o d  m ost c l e a r l y 1 by  e x t r a c t i n g  t h e s e  l a t t e r  q u a n t i t i e s  
fro m  th e  c o r r e s p o n d in g  Feynman a m p l i tu d e s  an d  a n a ly z in g  th e  e x t r a  te rm s 
g e n e r a te d  i n  t h e  c o u r s e  o f  t h i s  r e d u c t i o n .  In  t h i s  c h a p te r  v e  fo cu s  
p r i m a r i l y  on th e  a n a l y s i s  o f  t h e  r e d u c t io n  o f  t h e  fo u r -d im e n s io n a l  
lo o p  i n t e g r a l s  w h ic h  a p p e a r  in  Feynman a m p li tu d e s  and  show how t h i s  
a n a l y s i s  l e a d s  t o  a  g e n e r a l i z a t i o n  o f  a  s p e c t a t o r - l i k e  a p p ro x im a tio n  
w h ich  r e s t r i c t s  one o f  t h e  n u c le o n s  t o  i t s  m&sa s h e l l .  S u b seq u en t s te p s  
o f  t h e  r e d u c t io n  h a v e  b e e n  much d i s c u s s e d  in  C h a p te r  I  and a r e  only  
b r i e f l y  re v ie w e d  h e r e .
1 .  D y n am ica l C o r r e c t io n s  t o  th e  R e a c t io n  Meehan ism s and R e d u c tio n s  o f  
t h e  h -D im e n s io n a l I n t e g r a l s
K e e p in g  in  m ind t h a t  a l l  o th e r  m echanism s can be a n a ly se d  in
a  s i m i l a r  w ay, l e t  u s  c o n s id e r  t h e  im p u lse  d ia g ra m  o f  F ig . 1 6 .
F i g ,  1 6 . " Im p u lse "  Feynman d ia g ra m .
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The Feynman am p litu d e  f o r  t b i e  d iag ram  can be w r i t t e n  an:
where th e  a b o rt-h a n d  n o ta t io n  A ( p )  = <jS + m) was u sed  in  th e  Feynman 
p ro p a g a to rs . T h is  fo u r  d im e n s io n a l lo o p  i n t e g r a l  can he red u ced  t o  a 
sum o f th r e e  d im e n s io n a l i n t e g r a l s  by  a p p l i c a t io n  o f  th e  r e s id u e  
theorem  over a l l  s i n g u l a r i t i e s  o f  th e  in te g ra n d  i n  th e  com plex energ y  
plane kQ.
M ote, h o w e v e r .th a t th e s e  s i n g u l a r i t i e s  a r i s e  n o t  o n ly  from  
th e  denom inators o f  th e  p ro p a g a to rs  b u t  a l s o  from th e  a n a ly t ic  s t r u c t u r e
c ip le  de term ined  by I n t e g r a l  e q u a tio n s  o f  th e  B e th e -S a lp e te r  ty p e  
re p re se n te d  d ia g r s m a t ic a l ly  in  F ig , IT ,
o f  th e  Ml v e r t i c e s } a s  w e l l .  These s t r u c t u r e s  a r e  in  p r in -  e
F ig , IT . (a ) Inhomogeneous B e th e -S a lp e te r  e q u a tio n  f o r  S c a t te r in g  S t a t e , 
{b) Homogeneous B e th e -S a lp e te r  e q u a tio n  f o r  Bound S t a t e ■
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R e p la c in g  th e  UK v e r t i c e s  in  t h e  d iag ram  o t  F i g .  16 by t h e s e  i n t e g r a l  
e q u a t io n s ,  one s e e s  t h a t  th e  s i n g u l a r  c o n t r i b u t i o n  made b y  th e  Iffl v e r ­
t i c e s  t o  th e  lo o p  i n t e g r a l  in  a m p litu d e  Z - l  came from  th e  " p o t e n t i a l s  '* 
'^ / 'p r e a e n t  in  th e  i n t e g r a l  e q u a t io n s ,  a s  we i l l u s t r a t e  i n  F ig ,  10 f o r  
th e  im p u lse  (a )  and  meson ex ch an g e  (b) m echanism s.
( a )
3
F ig ,  1 8 , S in g u la r  c o n t r ib u t io n s  from  th e  NM v e r t i c e s  
t o  th e  lo o p  i n t e g r a l s  o f  t y p i c a l  Feynman am­
p l i t u d e  b . c i r c l e d  a rro w s i n d i c a t e  looj> i n t e ­
g r a t io n  .
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(Note t h a t  s in c e  th e y  c o n t r ib u t e  t o  th e  lo o p  I n t e g r a l  o n ly  th ro u g h  
t h e i r  p o t e n t i a l  f a c t o r s  we have d ro p p ed  th e  second  te rm s  a r i s i n g  from 
th e  s c a t t e r i n g  e q u a t io n  i n  F ig .  18 .}
We can  th e n  in c lu d e  th e  dom inant v e r t e x  s i n g u l a r i t i e s  In  our 
a n a ly s i s  by  c o n s id e r in g  th e  lo n g e s t  r a n g e ,  i . e .  O .P .E , (one p io n  exchange) 
p a r t  o f  th e  p o t e n t i a l .  The t y p i c a l  s i n g u l a r i t y  s t r u c t u r e  o f  o u r i n t e ­
g ran d s can  th e n  b e  r e l a t e d  t o  t h a t  o f  th e  w e l l  Known Box d iag ram  o f  
F ig . 19 ( a ) ,  i . e .  we a re  le d  t o  com pare th e  t h r e e  c a s e s  o f  F ig , 19.
29
(a )  S t r a i g h t  bo*
r - c
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Y f  v  f ' ' *
}
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(b) " im p u ls e 7
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(c )  -'m eson exchange"
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F ig ,  1 9 . Box d iag ram  and i t s  e x te n s io n s  a p p e a r in g  I d m a jo r r e a c t i o n  
mechanlBga .
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H ate t h a t  th e  ‘W e on exchange*1 hox  in v o lv in g  a  p i  on p ro b e  m ust b e  
a s s o c ia te d  w ith  th e  " p io n  r e s c a t t e r i n g 11 m echanism  when i t  p ro c e e d s  
th ro u g h  v e c to r  meson exchange as  v e  s h a l l  d i s c u s s  f u r t h e r  In  th e  
c o n te x t o f  o u r  d i s c u s s io n  o f 1TN s c a t t e r i n g  i n  C h ap te r  I I I .
I n  th e  a m p litu d e s  c o r re sp o n d in g  t o  th e s e  d iag ram s each  i n ­
t e r n a l  l i n e  i s  a s s o c ia te d  w ith  a  p ro p a g a to r  w hich b r in g s  a  s in g u la r  
f a c to r  h a v in g  th e  g e n e r a l  form
I I f
K h 1-  f l k )  '  £ j ' -  P X )  '*'*■ *  f c - J V U - ' U t e + V * )  ( 2 _ B )
in  w hich m an d  P (k ) a re  t h e  mass and fo u r  m<mentum o f  t h e  c o rre sp o n d in g  
p a r t i c l e  (p a ra m e tr iz e d  a s  a  f u n c t io n  o f  t h e  lo o p  i n t e g r a t i o n  v a r i a b l e  
If m om ent urn It as i n d ic a te d  f o r  th e  v a r io u s  c a s e s  o f  F ig . 1 9 ) ,  We a re  
d e f in in g  e n e r g ie s  a c c o rd in g  t o
S VH1 +  l i w l * *  ( 2 - 3 )
We can th e n  lo c a te  th e  ap p ro x im a te  p o s i t io n s  o f  t h e  p o le s  o f  o u r i n t e ­
g ran d s in  th e  k Q com plex p la n e  by t a k in g  s u i t a b l e  s t a t i c  l i m i t s  u n d e r 
th e  g e n e ra l  a ssum ption  t h a t  th e s e  in te g ra n d s  a r e  dom ina ted  b y  s m a ll  
i n t e r n a l  m om enta, i . e .
f , <* * ^
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Thus v e  ta k e  th e  H ta t ic  l i m i t s :
w -
f ,>  *  *  M
w * . , .  *  / * ,
The f i n a l  momentum o f  th e  n u c le o u a  p ' depends on th e  n a tu r e  o f  th e  
p ro b e .  F o r low  en erg y  p h o to n s  th e  o u tg o in g  n u c le o n s  a r e  a le v  and we 
can ta k e
£ > >  *  *  1 f a  £ M
V ' a u U .
F or p io u s ,  as we d ie c u s s e d  In  C h a p te r  I ,  t h e  f i n a l  momentum i s  much 
h i g h e r ,  i . e » ^ f ^  r * K  ^ 3 6 0  MeV/c and we m ust th e n  u se
B p  «  M  +  ^  -- ( * +  £ )
u f L k  *  - -
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As th e  l o c a t io n s  o f  t h e  meson p o le s  depends on th e  e x t e r n a l  n u c le o u a  
ij-Biceienta we w i l l  s e t  t h e i r  r e l a t i v e  e n e r g ie s  by p u t t i n g  n u c lea te s
W W(—+ p )  and (p - + P 1) on t h e i r  m ass s h e l l ,  an  a p p ro x im a tio n  w h ic h , f o r  
th e  p u rp o se  o f  t h i s  h e u r i s t i c  d is c u s s io n  i s  c o n s i s t e n t  w ith  t h e  s t a t i c
W" 2 if 2 i?l im i t s  a lr e a d y  assum ed. T hus ta k in g  { j +  p )  “  ( ^ +  P f ) ■ M ve  h av e
b  = & . -  ^  &  m * q  s * » * &
to  r  *
j f t
v /
Q£U* £T  W
i  -  e >' * I  t
The a b s o r p t io n  o f  a p io n  v i a  t h e  meson exchange m echanism  ( F i g ,  1 9 c ) ,  
which i s  an im p o r ta n t  p a r t  o f  th e  p lo n  r e s c a t t e r i n g  a s  v e  v i l l  s e e  
l a t e r  on in v o lv e s  th e  fo rm a tio n  o f  a  0  m eson v l t h  mass m _ *  7T0. In
r  r
t h i s  c a se  th e  a s s o c ia t e d  e n e rg y  re d u c es  t o :
k  .  -  m p  +  £  v  **p  +  -7 ^  «  6 - ' / *f - k-1 r ' *"r
w hile  f o r  th e  E.M , probe t h e  c o rre sp o n d in g  en erg y  rem a in s  s im p ly  .
Im p lem en tin g  th e s e  p r e s c r i p t i o n s  f o r  th e  v a r io u s  i n t e r n a l  
l in e s  o f  th e  d ia g ra m s  o f  F i g ,  15 ve  c o l l e c t  th e  l o c a t io n s  o f  th e  c o r ­
re sp o n d in g  p o le s  in  T ab le  ( 2 .U ) ,  In  t h i s  T a b le  m ust be  ta k e n  t o  
be  2 ,2 2  MeV ■ B ( i . e .  t h e  d e u te ro n  b in d in g  e n e rg y )  f o r  an in c o m in g
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p h o to n  and f o r  a  p i  on, -  i a  a  p o s i t i v e  d e f i n i t e
2q u a n t i ty  w hich can in c r e a s e  an th e  i n t e r n a l  momentum k  . We must o f  
c o u rse  em phasize t h a t  th e  s t a t i c  p o s i t  Io n s  a r e  ap p ro x im a te  and a re  
s o le l y  meant t o  g iv e  th e  r e a d e r  a  p h y s ic a l  i n s i g h t  in  t h e  im p o rtan ce  
o f  t h e  v a r io u s  c o n t r ib u t io n s ,  T h e ir  e x a c t s iz e s  a r e  d e p en d e n t on th e  
i n t e g r a te d  movements o f  th e  a s s o c ia te d  p o le s  in  f u n c t io n  o f  th e  i n t e r ­
n a l  3 -momentum | k | ,
3*4
T a tle  2-i*. S t a t i c  L o ca tio n s o f  th e  P o le s  fo r  th e P ia g r fttTtg o f  F i g .  19 .
P a r t i c l e
Momentum A s s o c ia te d  F a i r o f  P o le a
n u c le o n  -  k )
- f *  *  ?  ♦ '■*•
f i t  - *  - ■ *
- d t  + r t  
Jt M -  i t
n u c le o n  ( g ^ k )
ek
- < *  -  ¥  * * '*
A# ■ l-f lf  - # '6  
-  3 n e
meson ( k - p )
/ i  -  H - ji + *'*•
fV A t1 f ^  -I*  
A * ' - / t + 'e
nucleon -  k + q) -eh +**%"* 
* £  + V *
? * - « *  * *  
iM  + ^ i t
meBon (p1 - k) tj-  + *
“ 1
<> jt ty
me Bon (p r -  k -  q)
p  4  <*V * if o *~K £ 3 .11 ^  -r<
I S ’
*  ^ i r
M  
f *
b e '  +  jU -  ifc j t i y  
5 . ^ / 4  - i *  j t» *
(  + r *
C + ■ *
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C lo s in g  th e  I n t e g r a t i o n  c o n to u r  a in  th e  lo v e r  h a l f  p la n e  a f o r  a l l  
d iag ram s o f  F ig ,  19 ve  can th e n  com pare th e  c o n t r ib u t io n s  o f  th e  v a r io u s  
p o le s  p re s e n t  in  t h e s e  h a l f  p la n e s  ( I . e .  th o s e  a s s o c ia te d  i v t h  - i t  in  
T a b le  3,1*} by c a l c u l a t i n g  t h e i r  r e s id u e s  from  th e  c o rre sp o n d in g  a m p li­
tu d e s  .
( a )  Box d iag ram  o f  F ig .  19 ( a ) ; The s t a t i c  lo c a t io n s  o f  i t s  p o lea  a re  
d is p la y e d  o r  th e  com plex p la n e  d iag ram  o f  F ig ,  2 0 .
F i g , 2 0 . kp p o le a  o f  th e  box d ia g ra m  o f  F ig ,  SO ( a ) .  Meson p o lea  a r e
in d i c a t e d  by X. n u c le o n  p o le s  a r e  in d ic a te d  by ♦  ( th e  SM p o le s  
a re  n o t  in d ic a te d  in  t h e  p ro p e r  s c a l e ) .
The p o le  s t r u c t u r e  o f  F ig , 20 c o r re s p o n d s  t o  a  s t a t i c  a m p litu d e  o f  th e  
form
c ^  - 66"} (ti-{*■*?)
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w hich  g iv es  th e  th r e e  c o n tr ib u t io n s  ( r e s id u e s )  o f  T ab le  ( 2 , 6 ) .
T ab le  ( 2 .6 ) ,  Box Diagram C o n tr ib u tio n s
N earby
1 1
N ucleon p o le
' f i t
— - - —  ^
D ouble 
Meson p o le
t  - b  -• '*
*
J k ? h
_  3  I
D is ta n t
1
-  1
N ucleon p o le
k 0 * 2 M -  <'*
The r e l a t i v e  s iz e s  o f  th e  box d iag ram  c o n t r ib u t io n s  from  th e  
n e a rb y  nu c leo n  p o le  ^  th e  doub le  meson p o le  and th e  d i s t a n t  
n u c le o n  p o le  2M a re  th u s  r e s p e c t iv e ly
^  1 * L  J * _  / i t ) *
1  > ’ k . m  \ * y
N ote th a t  th e  d i s t a n t  nu c leo n  p o le  a t  kQ = 2M c l e a r l y  makes a  n e g l i g i b l e
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2 —1c o n t r ib u t io n ,  and , a p a r t  from an  o v e r a l l  s c a le  f a c t o r  {-lim ) we can 
Ig n o re  i t s  r o le  In  th e  rem a in in g  d ia g ra m s. Note a l s o  t h a t  th e  n ea rb y  
n u c leo n  p o le  a t  ■ A e  l a r g e l y  dom inates  ov er th e  double meson p o le .  
T his can be u n d e rs to o d  by n o t ic in g  in  F ig ,  20 how t h i s  p o le  i s  enhanced  
by a n o th e r  nucleon  p o le  lo c a te d  J u s t  a c r o s s  th e  r e a l  a x i s .
R e c a ll in g  th a t  t h i s  A t  p o le  a r i s e s  from p u t t in g  n u c leo n  
(^- + k ) on i t s  mass s h e l l ,  t h i s  dom inance can  be seen  as a  b a s ic  
h e u r i s t i c  J u s t i f i c a t i o n  fo r  th e  q u a s ip o t e n t i a l  approach  (see  in t r o d u c ­
t i o n )  t o  th e  B e th e -S a lp e te r  e q u a tio n  and  p a r t i c u l a r l y  f o r  t h a t  p ro p o sed  
by  G ro ss . In  t h i s  c o n tex t th e  1+-d im e n s io n a l (d S t) box d iagram  can be seen 
as a  sum o f  two 3 -d im en sio n a l p ie c e s  ( d \ )  as in d ic a te d  in  F ig .  21 .
X X
F ig .  21 , D ecom position o f  th e  ^ -d im e n s io n a l box d iag ram  in  a  p a i r  o f
3-d im en s io n a l p ie c e s .  The c i r c l e  r e p r e s e n ts  th e  c o n t r ib u t io n  
o f  a l l  s i n g u l a r i t i e s  ex ce p t t h a t  o f  th e  n e a rb y  ( s p e c t a to r - l i k e )  
nucleon  p o le .
The f i r s t  p ie c e ,  a r i s in g  from th e  n earb y  o r  " s p e c ta t o r 11 nucleon  p o le  
ap p ea rs  n a tu r a l ly  in  th e  I t e r a t i o n  o f  th e  O .P .E . p a r t  o f  th e  G ross 
q u a s ip o te n t ia l  e q u a tio n  (se e  F ig .  22) w h ile  th e  seco n d  p ie c e ,  w hich
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r e p r e s e n t s  th e  c o n t r ib u t io n s  from  a l l  o th e r  p o l e s ,  m ust be  r e g a rd e d  as 
a  new i r r e d u c i b l e  d iag ram  c o rre sp o n d in g  t o  a s h o r t  ra n g e  p i e c e  o f  th e  
tw o p i  on continuum  c o n t r ib u t io n  t o  th e  HN d y n am ics . I t s  i t e r a t i o n  la  
a l s o  d is p la y e d  in  F ig -  22. Hate t h a t  a s i m i l a r  t r e a tm e n t  c a n  he  a p p l ie d  
t o  b o x  d iagram s in v o lv in g  h e a v ie r  mesons as  v e i l .
+
F ig ,  2 2 .  I t e r a t i o n s  o f  G ross q u a s ip o t e n t i a l  e q u a t io n s  a s s o c ia te d  v j t h  
box d iag ram  c o n t r ib u t io n s .
b )  Im p u lse  d ia g ra m ; The s t a t i c  l o c a t io n s  o f  th e  p o le s  a r e  d is p la y e d
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on. th e  tw o d iag ram s o f  F ig .  £3 (a ) and  23 {b) r e s p e c t iv e ly  f o r  th e  E,M. 
p ro b e  and th e  p lo n ic  p ro b e , Note t h a t  th e  p io n ic  c a se  p r e s e n ts  a 
c h a r a c t e r i s t i c  d i f f e r e n c e  from  th e  E,M. c a s e .  The p o s i t io n s  o f  th e  
f p ’-h )  meson p o le s  and o f  th e  (jj- -  k + 4 ) a r e  s h i f te d  by th e  p io n  mass 
M. * a s  In d ic a te d  by arrow s on F ig ,  £3 ( b ) .
(a)
<b]
F ig .  £3 , S t a t i c  p o lea  f o r  th e  im pulse d iag ram  o f F ig , 20 (b) (a p p ro x i­
m ate s c a l e s ) .  The e x t r a  n u c leo n  p o le s  in tro d u c e d  by th e  
p ro b e  a re  c i r c l e d .
The s t a t i c  am p litu d es  c o rre sp o n d in g  t o  th e s e  p o le  s t r u c t u r e s  can be 
w r i t t e n  a s ,  f o r  th e  E.M, p ro b e :  2 .22  MeV — B)
l+o
I
( - » /  ! 2 " 7 )
An a m p litu d e  s i m i l a r  t o  t h e  box c a se  (2 -5 )  ex ce p t f o r  t h e  tw o l a s t  
f a c to r s  In  th e  d e n o m in a to r  which a r i s e  f r a n  th e  e x t r a  n u c le o n  l i n e
v
-  k + q ) g e n e r a te d  by th e  incom ing p ro b e  in  F ig ,  20 ( b ) ,  The con­
t r i b u t i o n s  ( r e s id u e s )  from  th e  n e a r e s t  lo w e r h a l f  p la n e  p o le s  a r e  c o l ­
l e c t e d  i n  T a b le  ( 2 .9 )  and  l ik e w is e ,  f o r  th e  p ic n ic  c a s e
( t V t f * . - ’ ■ * * ) ( * ! - 6 t l ) (  ^
(2 - 6 )
g iv in g  th e  le a d in g  c o n t r ib u t io n s  c o l l e c t e d  in  T a b le  ( 2 . 9 ),
T a b le  2 ,9  < Im pulse TMafrram C o n tr i b u t  io n s
E,M, p ro b e p io n  p ro b e
MSpe c t a t o r TI 
N ucleon p o le
-  f * f r
N e a re s t  
Meson p o le
(  r a t - 6 )
M *  ( - ' » * ) ( -
H i  f i n )  ( t m  - f t )
-  (Sfr*
k l
F o r t h e  E.M . c a s e  th e  r e l a t i v e  &iz.es o f  th e s e  two c o n t r ib u t io n s  a r e  
r e s p e c t i v e l y  f o r  t h e  n u c le o n  and th e  meson p o le a .
A &  (Z A ( r  ’ A*"
w h ile  in. t h e  p i o n i c  c ase  one has in s te a d
i t
& &  ( 2 t € r  ^  f l *  f*~
k 2Thus r e c a l l i n g  t h a t  A£r  -  (S^ ~ 2 EM 1 0116 s e e s  t h a t  th e  s p e c t a t o r
c o n t r i b u t i o n s  c o n ta in s  in  b o th  c ase s  a f a c to r  which can  b e  s i n g u la r  and
w hich  w i l l  s t r o n g l y  enhance  th e  r e s u l t s  o f  th e  f i n a l  t h r e e  momentum 
k  I n t e g r a t i o n .  N ote t h a t  t h i s  enhancem ent w i l l  be l a r g e s t  f o r  t h e  E.M, 
c a se  w here  t h e  s i n g u l a r i t y  o c cu rs  f o r  th e  sm a ll v a lu e  A c  * B /2  f+r 1 MeV 
m aking  t h e  F a c to r  ) _1 f u r t h e r  enhance  th e  s i n g u l a r i t y .  In  th e
p io n ic  c a s e  th e  s i n g u l a r i t y  o c cu rs  f o r  4 *  -  H z  and  i s  n o t enhanced
by  th e  f a c t o r  ( A £  ) - ^ th u s  b r in g in g  a  l e s s e r  b u t n e v e r th e le s s  c l e a r l y
m arked s p e c t a t o r  dom inance f o r  th e  p ian  p ro b e ,
The c o n t r ib u t io n  from  the  rem ain in g  p o le s  can  th e n  be  v iew ed  
a s  a  p a r t i c u l a r  c l a s s  o f  d y n a m ic a l» r e l a t i v i s t ! c  c o rre c t!o n &  t o  th e  
r e a c t i o n  m echanism s (by o p p o s i t io n  t o  o th e r  c o r r e c t io n s  which we s h a l l  
v iew  a s  c o r r e c t i o n s  t o  t h e  NM w a v e fu n c tio n s ) a s s o c ia te d  w ith  th e  new 
i r r e d u c t i b l e  tw o p iu n  ex ch an g e  d iag ram  o f  F ig . 21 w h ich  ap p ea r i n  G ro s s ’ 
q u a s i  p o t e n t i a l  t h e o r y .  The s i z e  o f  th e s e  c o r r e c t io n s  I s  in  p r i n c i p l e  
c a l c u l a b l e  by  e v a lu a t in g  th e  m a tr ix  e lem en ts  o f F ig , 25 in  which th e
t r a n s i t i o n  o p e r a to r s  a r e  d e f in e d  as  t h e  c o n t r ib u t io n s  from  th e  p i  on
p o le s  t o  th e  k g  i n t e g r a l s .
3 i ,  |
< M
p t
i »
' O  *■
J -------
F ig ,  2 5 ,  D y n am ica l r e l a t i v i s t ! c  c o r r e c t io n s  t o  p h o to  and  p i o n ic  
d i s i n t e g r a t i o n s  o f  th e  d e u te r o n .
T h ese  c o r r e c t i o n s ,  w hich  we h av e  c a l l e d  d y n a m ic a l c o r r e c t io n s  in  view  o f  
t h e i r  o b v io u s  c o n n e c t io n  w ith  NM d y n am ics , s h o u ld  g e n e r a l ly  be  e x p e c te d  
t o  be  r a t h e r  s m a l l  s i n c e  th e y  in v o lv e  a  s h o r t  ra n g e  m echanism  v h ic h  can 
make l i t t l e  c o n t r i b u t i o n s  t o  o v e r la p  i n t e g r a l s  in v o lv in g  NH w a v e f u n c t io n s , 
They w i l l  t h e r e f o r e  n o t  be c a l c u l a t e d  in  t h i s  w o rk .
c )  Meson E xchange M echanism : H ere  a g a in  v e  d i s p l a y  th e  s t a t i c  lo c a ­
t i o n s  o f  th e  p o le s  from  th e  d iag ram s o f  F ig .  19 ( c )  in  t h e  c o u p le x  
k Q p la n e  o f  F ig .  26 .
« : ■ * # A
i----------- 1----------- 1-------- *— -------1-----------#—■
- A h  - i U h  ~ t  *  J
( H h
F ig .  2 6 . S t a t i c  polefl f o r  th e  meson exchange diagram s o f  F ig .  20 ( c ) .
Com parison w ith  F ig .  20 in d ic a te s  t h a t  f o r  b o th  probes th e  s i t u a t i o n  
i s  s im i la r  t o  t h a t  o f  th e  box d iag ram , i . e .  th e  nearby nu c leo n  p o le  a t
Thus s u g g e s tin g  t h a t  a  s p e c ta to r  l i k e  ap p ro x im atio n  f o r  th e  meson ex ­
change mechanism i s  q u i t e  a p p r o p r ia te ,  a lth o u g h  le s s  im p ress iv e  th a n  
fo r  th e  im pulse  m echanism . The n e g le c te d  meson p o le s  g e n e ra te  dynam ical 
c o r r e c t io n s  analogous to  th o se  a r i s in g  in  th e  Im pulse mechanism and 
re p re s e n te d  on F ig .  2 7 .
Both E.M. and p ic n ic  c a se s  a re  re p re s e n te d  on t h i s  f i g u r e . 
Arrows I n d ic a te  th e  s h i f t s  o f  lo c a t io n s  o c cu r in g  fo r  th e  p io n ic  
p ro b e .
- i t  and  th e  n e a r e s t  meson p o le  a t  It
t r i b u t i o n s  whose r e l a t i v e  s i z e s  a r e  r e s p e c t iv e ly :
s ' 1*
/ '>
_ \ ‘>
F i g .  2 7 , D ynam ical r e l a t l v i s t i c  c o r r e c t io n s  a s s o c ia te d  w ith  th e  meson 
exchange m echanism .
The a n a ly s i s  p r e s e n te d  in  t h i s  s e c t io n  h a s  th u s  shewn how th e  s p e c ta ­
t o r  a p p ro x im a tio n  can  s e rv e  a s  a most a p p ro p r ia te  b a s is  fo r a  q u a s i-  
p o t e n t i a l  r e l a t l v i s t i c  d e s c r ip t i o n  o f  n u c le a r  p ro c e sse s  in v o lv in g  such 
p ro b e s  as p h o to n s  and p i  one , f o r  which r e l a t i  v i a t i c  c o r r e c t io n s  to  th e  
r e a c t i o n  m echanism s , i . e .  d y n am ica l c o r r e c t  io n s ,  a re  p ro p e rly  d e f in e d  
and can  be e x p e c te d  t o  be s m a l l .
2 . R e l a t l v i s t i c  C o r re c t io n s  t o  th e  NM Vfavefunctionfl
a ) R e c o i l  c o r r e c t io n s
Im p lem en tin g  th e  s p e c ta to r  ap p ro x im atio n  in  am plitude (2-1) 
by  t a k in g  th e  r e s id u e  o f  th e  p o le  -  ~  a s s o c ia te d  w ith th e
s p e c t a t o r  n u c leo n  {^- -  k) (s e e  F ig .  16) and u s in g  ex p re ss io n s  (1 -3 ) and 
(1 —U) from  C h ap te r  I  we o b ta in  a  3 -d im e n s io n a l i n t e g r a l  s im ila r  t o  (1 -5 ) 
(w ith  a  s l i g h t l y  d i f f e r e n t  p a ra m e tr lx a t io n  o f  th e  momenta) which d i s ­
p la y s  t h e  fram e in d e p e n d e n t form s o f  th e  w av efu n c tlo n e  d e fin ed  in  p . 9 
o f  C h a p te r  I ,
•■5
7 n : - ii { &  k
The o r ig in  o f  th e  r e c o i l  c o r r e c t i o n  vaa d i s c u s s e d  in  C h a p te r  I ,  As 
th e s e  c o r r e c t io n s  c a n n o t he  e x p e c te d  t o  he l a r g e  in  low  e n e rg y  p r o ­
c e s s e s  (low v / c )  t h e y  w i l l  n o t  h e  c a l c u l a t e d  in  t h i s  w ork and we con­
t e n t  o u rs e lv e s  w i th  a b r i e r  o u t l i n e  o f  t h e  tw o a l t e r n a t e  ways In  w hich 
th e y  can he  t r e a t e d .
U sin g  th e  r e s t r i c t e d  v e r t i c e s  (1 -1 0 }  and ( 1 - 1 1 ) ,  th e  t r a c e
a p p e a r in g  in  (2 - 1 0 )  can he  e v a lu a te d  in  c o v a r i a n t  D irac  s p a c e ,  y i e ld in g
12o v e r la p  i n t e g r a l s  o f  i n v a r i a n t  v e r t e x  f u n c t i o n s . As th e s e  v e r t e x  i n ­
v a r i a n t s  a r e  th e  sam e In  any r e f e r e n c e  fram e th e y  can  b e  r e p la c e d  by 
t h e i r  e x p re s s io n s  i n  te rm s o f  r e s t - f r a m e  w ave f u n c t io n s  (£ -1 1 )  w hich  
a r e  o b ta in a b le  b y  th e  r e d u c t io n  p ro c e d u re  o u t l i n e d  in  C h a p te r  I ,  
g iv in g  f o r  t h e  d e u te r o n  v e r t e x  i n v a r i a n t s :
( £ -11)
■ * "(« * - N ) *
I f f * )  H i
U6
P ro c e e d in g  in  t h i s  way one w ould  o b ta in  c o m p lic a te d  e x p re s s io n s  in v o lv in g
many te rm s  b u t c a lc u la b le  e n t i r e l y  i n  te rm s o f  r e s t  fram e w a v e fu n c tio n s
in  w hich r e c o i l  c o r r e c t io n s  a r e  i n t r i n s i c a l l y  m ixed w ith  th o s e  a r i s i n g
from th e  sm a ll com ponent w a v e fu n c t io n s .
The r e l a t i v i s t i c  c a l c u l a t i o n  o f  t h e  p o le  d iag ram s f o r  p ic n ic
d i s i n t e g r a t i o n  g iv e n  in  A ppend ix  I  o f f e r s  t h e  s im p le s t  exam ple o f  a
c a l c u l a t i o n  w hich in c lu d e s  r e c o i l  e f f e c t s  i n  t h i s  m anner,
17An a l t e r n a t e  m ethod , u se d  by A rn o ld  e t  a l .  in  t h e i r  c a lc u ­
l a t i o n  o f  th e  im p u lse  c o n t r i b u t i o n  to  th e  E.M, form  f a c t o r  o f  th e  
d e u te r o n ,  a llo w s  a  co m p le te  s e p a r a t io n  o f  r e c o i l  e f f e c t s  from th o s e  o f  
th e  s m a l l  com ponen ts. T h is  m ethod w hich  in v o lv e s  a  L o re n tz  tra n s fo rm a ­
t io n  o f  t h e  fram e in d e p e n d e n t w a v e fu n c tio n s  ( l - 6 )  i n t o  t h e i r  r e s t  
fram es by  means o f  s p in o r  b o o s ts  and th e  W ig n e r -R o ta t io n , i s  beyond th e  
scope o f  th e  p r e s e n t  d i s c u s s io n ,
b )  C o n tr ib u t io n s  o f  th e  '*s m a ll  com ponents ** o r  p a i r  c o n f ig u ra ­
t i o n s  M  w a v e f u n c t io n s .
The n a tu r e  o f  t h e s e  i n t r i n s i c a l l y  r e l a t i v i s t i c  p ie c e s  o f  th e  
NN w a v e fu n c tio n s  h a s  b e en  d e s c r ib e d  e x t e n s iv e ly  in  C h a p te r  I .  P ro ceed in g  
in  th e  m anner o f  p .  11 we expand  th e  Feynman p ro p a g a to r s  w hich ap p ea r in  
a m p litu d e  ( 2 - 1 0 ) ,  T aking  W ~ w hich  am ounts t o  c a l c u l a t i n g  th e
a m p litu d e  in  th e  r e s t  fram e o f  t h e  d e u te ro n  and  u s in g  th e  s p e c ta to r
M
p r e s c r i p t i o n  k^ ~ we h a v e , a t  t h r e s h o ld  ( i . e .  f o r  q = ( | | ,  0 ))
J+7
C /»  n  . w f w/rj irrt) 7
F '  ' £k I ' £t  *rf 0, J
r  /,V - h * q ]  a  f w * / * # }  _  iT’(k) v-fkj 1
F^ * V ^  J i *  - (««♦*.) f j j  +h j
( 2 - 1 2 )
w here  we n o te  t h a t  in  t h e  sec o n d  p r o p a g a to r  t h e  q u a n t i t y  + =  
^ f i n a l  &PPe * rc d  w hich  i s  t h e  a n a lo g  o f  f o r  t h e  f i n a l  s t a t e  w ave- 
f u n c t i o n ,  I n t r o d u c in g  t h e s e  e x p r e s s io n s  in  a m p li tu d e  (2 -1 0 )  and 
u s in g  th e  d e f i n i t i o n s  ( l - 9 )  o f  C h a p te r  I  we can  r e w r i t e  t h i s  a m p litu d e  
i n  te rm s  o f  tw o com ponent w a v e fu n c t io n s  f o r  w h ich  we can  mahe a d i r e c t  
c o m p a r iso n  w i th  t h e  N .R . m a t r ix  e le m e n ts
f t  s _ t  f f t k ) £ f - i 9  Z v W f + f k )
4 -  f f c k )  U  ( - k j  V ( k )  1j>~ f k )  (2 -1 3 )
■f -f't-i; v  f*) c  u ( -u) f / tk)
+. t |/U )&(b Mt; ijTcfc) J
its
The f i r s t  te rm  o f  t h i s  e x p re s s io n  in v o lv e s  o n ly  u - s p ln o r s  and t h e  
" p o s i t iv e  en e rg y "  w a v e fu n c tio n s  d e s c r i b e d  in  C h a p te r  I  and i s  t h e r e f o r e  
th e  d i r e c t  a n a lo g  o f  th e  W.H. e le m e n t f o r  t h e  im p u ls e  m echanism . The 
o th e r  te rm s a re  r e l a t i v i s t i c  c o r r e c t io n s  a r i s i n g  from  th e  p a i r  c o n f ig ­
u r a t io n s  o f  th e  NN w a v e fu n c tio n s  and  can  b e  e x p e c te d  t o  b e  t h e  o n ly  s i g ­
n i f i c a n t  r e l a t i v i s t i c  c o r r e c t io n s  i n  low e n e r© ' p r o c e s s e s .  S i m i l a r  
e x p re s s io n s  can b e  o b ta in e d  f o r  t h e s e  c o n t r ib u t io n s  t o  o th e r  m echanism s 
such  as th e  meson exchange and r e s c a t t e r i n g  m echanism  and w i l l  a l s o  be 
c a lc u la te d  in  o u r a n a ly s i s  o f  t h r e s h o ld  p io n ic  d i s i n t e g r a t i o n  *
As in d ic a te d  in  C h ap te r I  i n  t h e  case  o f  t h r e s h o l d  p h o to d i s -  
i n t e g r a t i o n  th e s e  c o r r e c t io n s  w ere fo u n d  t o  v a ry  c o n s id e r a b ly  w i th  th e
f  u  J*
c h o ic e  o f  th e  H c o u p lin g  { p s e u d o s c u la r  or  p s e u d o v e e to r  fi J
12u sed  i n  c a l c u l a t i n g  th e  w a v e fu n c t io n s . F o r p io n ic  d i s i n t e g r a t i o n  th e  
TfN v e r te x  i s  d i r e c t l y  in v o lv e d  i n  th e  r e a c t i o n  m echanism  th ro u g h  
i t s  m a tr ix  e lem en ts  u u  l^ ir  and o th e r s  w hich a p p e a r  i n  ( 2 - 1 3 ) ,  and
th ro u g h  th e  model o f  N s c a t t e r i n g  r e q u i r e d  t o  c a l c u l a t e  t h e  r e s c a t ­
t e r i n g  m echanism  known t o  be im p o r ta n t  in  t h i s  p r o c e s s ,
Thus o u r s tu d y  o f  th e  r e l a t i v i s t i c  c o r r e c t i o n s  t o  th r e s h o ld  
p io n ic  d i s i n t e g r a t i o n s  le a d s  us t o  ex am ine  th e  in te r d e p e n d e n t  r e l a t i o n e  
betw een  th e  ch o ice  o f  th e  TT N c o u p l in g ,  t h e  p r o p e r t i e s  o f  NU w a v e fu n c ­
t i o n s ,  and th e  e x p e r im e n ta l  c o n s t r a i n t s  o f  low e n e rg y  1TN s c a t t e r i n g  to  
w hich we a d d re ss  o u r s e lv e s  In  th lH  n e x t  c h a p te r .
I I I .  AMBIGUITY IN THE TfM COUPLING AND 
LOW ENERGY TfN SCATTERING
1, F lan  N ucleon V e r t i c e s
By n c v , meson and  n u c leo n  f i e l d s  have c l e a r l y  r e v e a le d  th em - 
s e lv e d  n o t t o  "be fu n d a m e n ta l f i e l d s .  C r i t e r i a  su ch  a s  r e n o r m a l i z a b i l i t y
p h e n o m en o lo g ica l.
As we have o b se rv e d  in  th e  cane o f  p h o t o d l a I n t e g r a t i o n t 
L agrang ian  te rm s  such  as t h e  c o n ta c t  s e a g u l l  te rm  o f  F ig .  12 can  ap p ea r 
o r  d is a p p e a r*  d ep en d in g  on w hich I f N  c o u p lin g  I s  u se d  th u s  s h i f t i n g  th e  
em phasis from  one t o  a n o th e r  d y n am ica l m echanism  and o b s c u r in g  th e  p re ­
c i s e  r o l e  o f  th e  p a i r  c o n f ig u r a t io n s .  We v i l l  s e e  t h a t  a s i m i l a r  s i t u a ­
t i o n  a r i s e s  In  p io n ic  d i s i n t e g r a t i o n .  C o n s id e r t h e  p lo n -n u c le o n  v e r t e x  
o f  F ig .  2 0 a :
a re  th u s  o f  no h e lp  t o  make a  c h o ic e  betw een  th e  p s e u d o v e e to r  % 
and p s e u d o s c a la r  IT N c o u p lin g s  w hich  sh o u ld  b o th  be re g a rd e d  as  
V
I t  ( f*>
T t y
F ig ,  20 . a )  TTNN v e r te x  b j  TlNfl v e r t e x
U9
50
O v e ra l l  ^“momentum c o n s e r v a t io n  im p l ie s  q * ( p 1 -  p )  f o r  28 {a) and 
<1 * ( p ’ + p) f o r  28 ( b ) .  I f  b o tb  n u c le o n s  a r e  on t h e i r  mass s h e l l ,  ob­
s e r v e  f i r s t  t h a t #  ( p a s s in g  th e  th ro u g h  and u s in g  J(u£p) = mu(p)
and i t s  D ira c  c o n ju g a te )
u ( f ) ■- -- w * t r ' ) y s h ( i , )  ( 3 1 )
T h is  s u g g e s ts  a  c o n s t r u c t io n  o f  t h e  P ,V , and P .S , v e r t i c e s  u s in g  th e  
same c o u p lin g  c o n s ta n t  g a c c o rd in g  to
C- £"'■ iJ'fYr «-=>
and d e f in e s  th e  " o n - s h e l l "  e q u iv a le n c e  o f  th e  tw o c o u p lin g s ,  Note t h a t  
a  s i m i l a r  r e s u l t  w ould o c c u r  f o r  a  ( f l-—>Nff) v e r t e x  w ith  on s h e l l  Hfl 
p a r t i c l e s  ( s e e  F ig ,  28b) (u s in g  jfv = hdv)
G W t f f u l f ' )  f f )  Wf )  * * *  W f l r  <!•) 0 -3 )
IjB
T h is  s i t u a t i o n  i s  g e n e r a l iz e d  by th e  v e i l  known " e q u iv a le n c e  theorem " 
a c c o rd in g  t o  w hich  one can  c o n s t r u c t  a  u n i t a r y  t r a n s f o r m  ( th e  Dyson
51
t r a u s f o r m a t i o n } o f  th e  P .V , f i e l d  t h e o r e t i c  L a g ra n g ia n  w h ich  re d u c e s  
I t  t o  th e  P .S , Le.gr ang i an p lu a  h ig h e r  o r d e r  te rm s  in  th e  f i e l d s  {such  
as  t h e  tw o p i  on a s e a g u l l  te rm  o f  F i g .  29)» N ote t h a t  t h i s  th e o re m  d o es  
n o t r e a l l y  im p ly  th a t  th e  two c o u p lin g s  a re  s t r i c t l y  e q u iv a l e n t  b u t 
o n ly  t h e i r  lo w e s t  o rd e r  te rm s .
v :
F ig , 29 * Two p len a  s e a g u l l  te rm
I f  one n u c leo n  i s  o f f  th e  mass s h e l l ,  Im p o r ta n t d i f f e r e n c e s  w i l l  a r i s e  
be tw een  th e  m a tr ix  e lem en ts  o f  th e  tw o c o u p l in g s :  T ak in g  p  t o  be  o f f
s h e l l  as w ould be  th e  case  f o r  th e  p o le  d iag ram  (s e e  F ig .  9 ) i n  d e u te r o n  
p io n ic  d i s i n t e g r a t i o n  we can  red u ce  ( l e a v in g  a s i d e  th e  s p in o r  n o rm a li­
s a t i o n  f a c t o r s  w hich  a re  common to  a l l  th e s e  m a t r ix  e le m e n ts )  th e s e  q u an ­
t i t i e s  t o  t h e i r  tw o-com ponent fo rm s:
• u t y ' J i ' n i h )  = -  0 7 J* -  —  t -
< * ( ? ) Z t C » > , -  _- £ i  ^  O s f - Z U -  +  )  +  ______
f , J H  7 h  ■*» \ e p t »  *  * > ,► « /  +
U ( ? ) *  1  [ $ , * " ) ( £ > * " )
Z V i & v f o  - J l -  -  + 1 '  S£ f*
' - i f l  >' m  t * ( t r .4H) 3 f i
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At th r e s h o ld  th e  p i  on JtHnoaentum i s  q  = ( , 0) and. t h e  n u c le o n s
3 -v e c to rs  p and p '  m ust h e  e q u a l and th e s e  r e s u l t s  becom e s im p ly
(3 -5 )
£ (? )  y * ir ty )  ~  1
E(« 3 i T « «  ^  J k
Ve c l e a r l y  s e e  t h a t ,  in  t h i s  k in e m a tic  re g io n  th e  v e r t e x  in v o lv in g  th e  
sm all com ponent v c o m p le te ly  d a n in o te s  th e  ^  ^ th e o ry  and  t h a t  i t  i s  
s t i l l  com parab le  t o  t h a t  in v o lv in g  th e  n u c leo n  com ponent u  i n  th e  
^ t h e o r y ,
These o b s e r v a t io n s  s u g g e s t  t h r e e  Im p o r ta n t r e m a r k s :
1} The p a i r  c o n f ig u r a t io n  w a v e fu n c tio n s  can  b e  e x p e c te d  t o  be much 
l a r g e r  i n  th e  ^ f ^ th e o r y  t h a t  i n  th e  th e o ry  *
2) As th e  7T NN v e r te x  a p p ea r tw ic e  i n  th e  n u c leo n  p o le  c o n t r ib u t io n  
to  I f  M s c a t t e r i n g ,  i t  i s  v e ry  s t r o n g ly  enhanced  i n  th e  “^ " theo ry  
(by a  f a c to r  (2Hf  fA* )2 'V  200 ) com pared t o  th e  ^  th e o ry  .
This s i t u a t i o n  r e f l e c t s  th e  f in d in g s  o f  t h e  " e q u iv a le n c e  theorem *1 
w hich r e q u i r e s  th e  a d d i t io n  o f  a  s e a g u l l  ( - te rm )  te rm  t o  b r in g  
about co m p le te  e q u iv a le n c e .  In  th e  n e r t  s e c t io n  we p r e s e n t  a  
model o f  f f  N s c a t t e r i n g  t h a t  d o es  Indeed  r e q u i r e  th e  a d d i t io n  o f  
a - te rm  t o  b r i n g  th e  th e o r y  in  l i n e  w ith  t h e  d a ta *
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3) Afl th e s e  v id e  d i f f e r e n c e s  in  th e  T f  KN v e r te x  w i l l  c l e a r l y  a f f e c t  
th e  d i r e c t  a b s o rp t io n  mechanism (im p u lse )  in  th r e s h o ld  p io n ic  d i s ­
i n t e g r a t i o n  and s in c e  th e  r e s c a t t e r i n g  mechanism Is  known to  p la y  
an Im p o rta n t r o l e  in  t h i s  p ro c e s s  i t  i s  l i k e l y  t h a t  an u n d e rs tan d in g  
o f  th e s e  d i f f e r e n c e s  can be p ro v id ed  by  a  c o n s i s te n t  in c lu s io n  o f  
low energy  1TN s c a t t e r in g  in  our model o f  p io n ic  d i s i n t e g r a t i o n .
2 . T h resh o ld  JtV N S c a t t e r in g
A lthough much s tu d ie d  o v e r th e  p a s t  th r e e  decades low energy 
T f  N s c a t t e r i n g  i s  s t i l l  f a r  from b e in g  u n d e rs to o d  in  term s o f  a un ique 
w e l l  d e f in e d  th e o ry .  I t  i s  no t o u r  aim t o  g iv e  h e re  an o p tim a l d es­
c r i p t i o n  o f  th e  p ro c e ss  b u t  r a th e r  to  rev iew  th e  p r o p e r t i e s  o f  i t s  main 
c o n t r ib u t in g  mechanism a t  th r e s h o ld  in  o rd e r  to  p ro v id e  a c o n s is te n t  
t r e a tm e n t  o f  th e  u n c e r ta in ty  on th e  I f N  c o u p lin g  in  th e  r e a c t io n  
T l*  d — » p p .
The most o b v io u s  c o n tr ib u t io n  t o  iTW s c a t t e r i n g  i s  t h a t  o f  
th e  n u c leo n  p o le  d iag ram s o f  F ig ,  30 which In v o lv e  d i r e c t l y  th e  "TJ N 
c o u p lin g  and th e r e f o r e  w i l l  p re s e n t  symptcms o f  th e  a m b ig u itie s  d e s ­
c r ib e d  in  th e  p re v io u s  H ec tio n .
A nother w e l l  known mechanism i s  p ro v id e d  by th e  exchange o f  
a  ^  - v e c to r  meson a s  shown on F ig ,  31u. T his c o n t r ib u t io n  i s  perhaps
th e  l e a s t  ambiguous o f  a l l  as th e  c o u p lin g s  a re  w e l l  d e f in e d  and the
20c o u p lin g  c o n s ta n ts  have b een  m easured w ith  re a so n a b le  a cc u ra cy ,
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In  o r d e r  to  c o n t r o l  th e  u n c e r t a i n t i e s  a r i s in g  from  th e  n u c leo n  p o le  
d ia g ra m  one can th e n  add  a  I f ' - s c a l a r  meson exch an g e  (F ig . 31b) such  
a s  th e  one su g g e s te d  by  th e  c h i r a l  I n v a r ia n t  fl-  -m o d e l. I t s  p a ra m e te rs  
can  be  a d ju s te d  in  o r d e r  to  c o n s t r a i n  th e  model t o  re p ro d u c e  th e  i s o -  
s p in  sym m etric  and a n tis y m m e tr ic  com b in a tio n s  a+ * l / 3 ( a ^ ^  + 2 a 3 /p^ 
a  ■ o f  e x p e r im e n ta l ly  known s c a t t e r i n g  le n g th s
* 1 /2  *n i  * 3 /2 '
As ve a r e  s o l e l y  co n ce rn ed  w ith  t h r e s h o l d ,  s-v av e  s c a t t e r i n g  
we a re  n o t  in c lu d in g  th e  p -v av e  reso n an ce  w h ich  i s  known t o  d o m in a te  
t h i s  p ro c e s s  a t  h ig h e r  e n e r g ie s .
+
%
F i g ,  30. D i r e c t  and c ro s s e d  n u c leo n  p o le  c o n t r ib u t io n s  t o  
TT N s c a t t e r i n g .  CC : a re  th e  i s o s p in  I n d ic e s
o f  t h e  p io n a ■
F o llo w in g  our p re v io u s  c o n v e n tio n s  v e  can w r i te  t h e  Feynman a m p litu d e  
f o r  t h e s e  d iagram s as
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( 3 - 6 )
( 3 - 7 )
a t  th r e s h o ld ,  i . e ,  f o r  ■ p^ -  (M, T?) and = ^  * ( , 0 )  th e
nucleon p ro p a g a to rs  become
^
F  h l -  ) l  -  t h M  + h
c  u  - » ) . -  -  ' w t h + j o
•?  **• V  M'-fp.-y1 + V M - / . r
U sing th e  m ix tu re  I > ( V  ■‘f )  f o r  th e  G .  v e r t i c e s
and w ith  4 * ) f i v i n g  ^ a t  th e  a b s o r p t io n  v e r te x  an d  a t  t h e
em issio n  v e r te x  t h i s  a m p litu d e  re d u c e s  t o  ( le a v in g  im p l i c i t '  th e  e x te r n a l  
s p ln o rs  h ^ (0 ) and u ^ O ) )
«  y - V  r Y > )  v -
( 3 - 8 )
c  /■  m j  x *
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p a s s in g  th e  th r o u g h t u s in g  ° u (0 )  » u (o )  and d e f in in g  £■ = A/2M 
th e  th r e s h o ld  a m p litu d e fl?  „ re d u c e s  f u r t h e r  t opoles
X- /   ------------  X« T„ +
f f  (  i fi f i  I  i t - e  f i  *  ,
r e —e x p r e s s in g  t h i s  i n  te rm s o f  I s o s p in  sym m etric  and a n tis y m m e tr ic  com­
p o n e n ts ,  i . e ,  u s in g  th e  sum and  d i f f e r e n c e  o f  th e  is o s p in  com m utato rs
and v e  f i n a l l y  o b ta in  th e  c o r re s p o n d in g  a m p li­
tu d e s  and  fll”
11 '  I + ( r  ~~ J "X" (3-10>
w hich a r e  Im m ed ia te ly  r e l a t e d  t o  th e  s c a t t e r i n g  le n g th s  a+ and  a -  fo r  
w hich ve ta k e  W e in b e rg 's  g e n e r a l  d e f i n i t i o n  {d linens io n le s s  )
U t L  -  —  ( 3 . U )
0 + $ ■ ) ' *
B efore  com paring  th e s e  a m p litu d e s  t o  th e  e x p e r im e n ta l  d a ta  we m ust 
c a l c u l a t e  th e  j }  -m eson c o n t r i b u t i o n  w hich we w i l l  c o n s id e r  as  a  s t a b l e  
com ponent o f  th e  t o t a l  a m p l i tu d e ,  i . e ,  from  F i g ,  31a,
F ig . 31. j* and 0"  me a on exchange c o n t r ib u t io n s .
a re  th e  r e le v a n t  ig o g p ln  in d ic e s )
The JO coup les t o  th e  p i on l i k e  a photon b u t w ith  th e  p  ~ d e c a y
c o n s ta n t  f  re p la c in g  th e  e l e c t r i c  ch arg e  - e .  Thus we have, d ro p p in g  
th e  it ^  k^  /m2 term  in  th e  v e c to r  meson p ro p a g a to r  ( i t  would y ie ld  a 
f a c to r  u (p2 ))fu(p^) = u ( p ^ ) p^)  2f 0 i f  v e  n e g le c t  a t  moat th e  
n e u tro n -p ro to n  naas d i f f e r e n c e )
n
jiy
r  = - f ' f r  V  e v f ( 3- 1 2 )
which becomes a t  th e  th re s h o ld  momenta = ( j c  „ 0 ) t =■ (M, "S)t and
u s in g  ag a in  y  °u(G) = u (0 ) ,  i i(o )u (0 )  = 1 :
T » .  ' ! p  I Z S - l
r r "y
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As i t s  i s o s p in  s t r u c t u r e  la  co m p le te ly  a n tis y m m e tr ic , n o te  t h a t  t h i s  
a m p litu d e  c o n t r ib u te s  o n ly  to  a- . The C T -te rm , on th e  o th e r  h a n d , i s  
c o m p le te ly  sym m etric and c o n tr ib u te s  o n ly  t o  a * . I t  can be w r i t t e n  
d i r e c t l y  as
m  = i - ) +
* "  h t l -  *  t 3 - i U
C o l le c t in g  th e s e  r e s u l t s  v e  o b ta in  g e n e r a l  e x p re s s io n s  f o r  b — =
(1 + a ~  f o r  a l l  m ix tu re s  o f  P .V . -  P ,S , p io ti n u c leo n  c o u p l in g s .
Maying u s e  o f  th e s e  r e s u l t s  f o r  th e  tw o ex trem e c a se s  X = 0 { p u re  P . V . )  
and X  * 1 (pure  P , B , )  v e  f i r s t  co u p are  th e  p o le  c o n t r ib u t io n s  t o  th e  
e x p e r im e n ta l  v a lu e h in  T ab .e  (3 -16) u s in g
S -1 It- 5  vrr
€  - xk - ' CW A  .ss  to1,
£ 3  • V 1 0  3
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T ab le  { 3 -1 7 ) . C o n tr ib u tio n s  t o  H i t  S c a t t e r in g  Lengths
ex p . ~  o . . /
c o n tr ib u t io n O .
^  a  0 p o le  
c o n tr ib u t io n
£  O ' o .
^  “  1 p o le  
c o n t r ib u t io n
2- fr  -
vrr
These r e s u l t s  in d ic a te  t h a t  v h i l e  th e  p u re  “j f  ( X = 0 ) th e o ry  r e ­
p roduces a d e q u a te ly  th e  TJ f) s c a t t e r i n g  le n g th  w ith o u t in c lu s io n  o f
-exchange ( th e  p  by i t s e l f  g iv in g  b u lk  p a r t  o f  th e  r e s u l t )  a  la rg e
famount o f  i s  r e q u ire d  t o  b r in g  th e  y  th e o ry  in  agreem ent w ith  
th e  d a t a .  For m odels u s in g  a  m ix tu re  o f  t h e  two c o u p lin g s  th e  r e s u l t  
[3 -1 5 ] d i c t a t e s  t o  f i x  th e  0" -p a ra m e te r a cc o rd in g  t o
? A <r
I
r
( 3- 18 )
We a re  now tu rn in g  t o  th e  c o n s tr u c t io n  o f  o u r model fo r  th r e s h o ld  p io n ic  
d i s i n t e g r a t i o n  o f  th e  d e u te ro n  and. t o  th e  q u e s t io n  o f  w h e th er a  c o n s la te n t  
in c lu s io n  o f  th e  -exchange in  th e  r e s c a t t e r i n g  mechanism can g iv e  a 
s a t i s f a c t o r y  d e s c r ip t io n  o f  t h i s  p ro c e ss  f o r  a l l  m ix tu re s  o f  th e  ~lf N 
c o u p lin g .
IV. THRESHOLD PIOHIC DISINTEGRATION OF DEUTERIUM
We new c o n s t r u c t  a  s im p le  model f o r  th e  t h r e s h o ld  (p io n  U- 
mamentum q ^ ^ (  t 0 ) )  r e a c t io n  v h ic h  In c lu d e s  th e  n u c le o n  p o le  d iag ram  
t o g e t h e r  v i t h  p io n  r e s c a t t e r i n g  (s e e  F ig .  3 3 ) .
Note t h a t  we a r e  n e g le c t in g  th e  f i n a l  s t a t e  i n t e r a c t i o n  o f  
t h e  two o u tg o in g  p ro to n s  ( th e  re a so n  f o r  t h i s  a p p ro x im a tio n  was g iv e n  
on p .  22  o f C h ap te r I )  aa w e ll as th e  Coulomb c o r r e c t io n s  t o  th e  i n i t i a l  
IT  d  s t a t e .  The p rim a ry  aim  of t h i s  m odel b e in g  an  e x a m in a tio n  o f  th e  
r o l e  o f  s m a l l  com ponents In  t h i s  p r o c e s s ,  we a re  u s in g  th e  e x p e r im e n ta l  
d a t a  as  an  o v e r a l l  c o n s t r a i n t  r a t h e r  th a n  s e e k in g  p r e c i s e  q u a n t i t a t i v e  
a g r e e m e n t .
F i g .  3 2 . Feynman d iag ram s f o r  th e  m odel a m p litu d e . The c r o s s  I n d i c a t e s  
t h a t  th e  p a r t i c l e  i s  p u t on mass s h e l l .
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1 . O u tlin e  o f  th e  Model A m plitude; ( u s e if  ■ 0)
Our model a m p litu d e  f o r  t h i s  r e a c t io n  i s  c o n s t r u c te d  from  
Feynman a m p litu d e s  co rre sp o n d in g  t o  th e  dia^p^ams o f  F i g , 3^ ( in  o u r 
c o n v e n tio n s  each  v e r te x  and each p ro p a g a to r  i s  a s s o c ia te d  w ith  a  
f a c to r  ( - i ) ) ,
P o le :
The U -d im en sIo n sl i n t e g r a l  o f  i s  f i r s t  reduced  t o  a 3 -d im e n s io n a l 
i n t e g r a l  by a p p l ic a t io n  o f  th e  s p e c t a to r - l i k e  ap p ro x im a tio n  d e s c r ib e d
r e s P a t t e r i n g :
( J *  f
In  C h ap te r I I ,  i . e ,  n u c leo n  (?r + k) i s  p u t on i t s  mass s h e l l .  The r e l a ­
t i v e  en erg y  i s  th u s  f ix e d  a s  fo llo w s
and th e  num era to r o f  p ro p a g a to r  + k ) red u ces  t o  2H (u(k}u(k) )T
w h ile  i t s  s in g u la r  denom ina to r b r in g s  about th e  r e s id u e  theorem  p r e s c r i p ­
t i o n
  — ■------ >  I  I -------- - ■—-
(* « )*  j M  f* 1* )
Note t h a t  pQ = Ep -  -  s in c e  nucleon  (— + p) i s  a  p h y s ic a l  on mans s h e l l  
p a r t i c l e ,
Im plem enting  th e s e  p r e s c r ip t io n s  and expand ing  p ro p a g a to rs  
-  P) aad- a c c o rd in g  to  e x p re ss io n  (1 -7 )  we can r e w r i te
o u r model am p litu d es  in  te rm s o f  th e  d e u te ro n  w av efu n c tio n s  In tro d u c e d  
in  C hap ter I  ( th e y  a re  s in g le d  ou t between p a r e n th e s is )
%  - 1-)1 / ( V « c  “.'-w ff,
(U 3 a )
T 1 ' -  f h
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In  e a c h  o f  th e s e  a m p litu d e s  t h e  second term  a r i s e s  from th e  p a i r  con­
f i g u r a t i o n  o f  th e  d e u te ro n  wave f u n c t io n .
S in c e  we a r e  s tu d y in g  th e  r e a c t io n  a t  th re s h o ld  we r e s t r i c t
o u ts e lv e s  t o  9 -vave incom ing p io n e . The s ta n d a rd  s e le c t io n  ru le s  w i l l
3
th e n  r e s t r i c t  th e  f i n a l  p ro to n s  t o  t h e i r  a n g u la r  momentum s t a t e .
He can th u s  t r u n c a t e  th e  p a r t i a l  wave expansion  o f  cur model am plitudes 
t o  t h a t  p a r t i c u l a r  H ta te .  U sing sym bolic b ra c k e t  n o ta tio n s
< 4 , 1 1 1  j *  l  &y  < j i * L£,}n i
M
In  t h i s  e x p re s s io n  th e  n o ta t io n  J ^ i ^ ^  r e p r e s e n t  th e  o r th o -
-  t f  Lfci
norm al s p in  harm onic fu n c tio n T J  /A. 3_ , * t  ±.
0 B 1S£ P 1 anSu la r  B ^^^ tum  s t a t e
( th e  c o n s t r u c t io n  o f  th e lf^^® *  in  th e  m a trix  r e p r e s e n ta t io n  s u i ta b le  f o r
4 * 1 B2
u se  in  c o n ju n c t io n  w ith  Feynman am plitudes is  g iven  in  Appendix I I ) .
Thus t h e  r e l e v a n t  o b je c t  t o  c a lc u la te  i s  th e  p a r t i a l  wave am plitude
, T h is  Is  done by p r o je c t in g  ou r model am plitudes
-3
(^ -3 a  and  b )  on th e  sp in  harm onic fu n c tio n  accord ing  to
< * , w / * | » i >  - - Z  z t - v n ( W )
J
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where M i s  g iv e n  in  e x p re s s io n s  (^*-3). The Bum o v e r s p in  w i l l  be e a s i l y  
p e rfo rm ed  by ta k in g  th e  t r a c e  o f  th e  t o t a l  m a tr ix  once p r o p e r ly  r e ­
duced t o  i t s  two com ponent form .
2 . V e r t ic e s  and V av efu n c tlo n s
We now d e f in e  a l l  q u a n t i t i e s  e n te r in g  our model a m p litu d e .
The p io n ic  c u r r e n ts  u u 61111 caD t e  ta k e n
s t r a lg h t f o r w a r d ly  from th e  r e d u c t io n s  (3-U) o f  C hap ter I I I ,  s e t t i n g  
th e  l i m i t  'q —+ 0 and  k e e p in g  o n ly  th e  low est o rd e r  term s i n  th e  s t a t i c  
l i m i t  ( E ^ M ) .
F or th e  P.V , c o u p lin g  n o te  t h a t  th e  d i r e c t  a b s o r p t io n  v e r te x  
In v o lv e s  th e  n u c leo n  momentum (s e e  F ig ,  32)
w h ile  th e  r e s c a t t e r e d  p io n  re a c h e s  i t s  a b so rp tio n  v e r te x  w i th  a  s i g n i f ­
ic a n t  momentum w hich c o n t r ib u te s  th ro u g h  th e  term  o f  ( 3 - 2 )  as
a t  t h i s  v e r te x  w hich  i s  known from  e x i s t i n g  c a lc u la t io n s  t o  make a s m a ll 
c o n t r ib u t io n .  T h is  ap p ro x im a tio n  w i l l  be d is c u s  Bed f u r th e r  in  C h ap te r VI
U sing  th e  momenta o f  F ig .  (32)  a lo n g  w ith  "q = 0 in  e x p re s s io n  
(3 -2 )  one has f o r  th e  d i r e c t  a b s o rp t io n  v e r te x
, In  t h i s c a se  we n e g le c t  th e  n u c leo n  momentum c o n t r ib u t io n
65
along vith o u r numerical results, A l l  results fo r  th e  required pion 
absorption vertices are collected In  T a b le  ( k - J )  at the end o f  t h i s  
Beotian.
For th e  sak e  o f  c l a r i t y  v e  f i r s t  c o n s t r u c t  o u r m odel f o r  th e  
c a se  o f  p u re  q  P .V.  p io n  n u c le o n  c o u p l in g .  The m o d if ic a t io n s  r e ­
q u i r e d  t o  e x te n d  t h i s  m odel t o  v a r io u s  m ix tu re s  o f b o th  P .S . and F,V,  
c o u p lin g s  do n o t  a f f e c t  th e  g e n e r a l  s t r u c t u r e  o f  th e  c a l c u l a t i o n s  and 
v i l l  t h e r e f o r e  b e  d is c u s s e d  a t  th e  end  o f  t h i s  c h a p te r .
In  t h i s  c a se  th e  r e a c a t t e r i n g  i s  e n t i r e l y  do m in a ted  by th e  
j> -exchange  m echanism  whose c o n t r i b u t i o n  t o  th e  e f f e c t i v e  i n t e r a c t i o n  
e n te r in g  e x p r e s s io n  (i»-Tb) can  b e  o b ta in e d  d i r e c t l y  from  in  
C h ap te r  I I I  ( s e e  3 - 1 2 ) .  A s i m i l a r  a m p li tu d e  a r i s e s  f o r  th e  -ex ch an g e  
s c a t t e r i n g  th ro u g h  th e  p a i r  c o n f ig u r a t io n  o f  th e  d e u te ro n  b u t  v i t h  th e  
s p in o r  u _ { p , ) r e p la c e d  by th e  a n t l s p i n o r  v  ( p , ) .  U sin g  th e  p a r a m e t r i -H J- J-
V V
z a t lo n  P^ * TT + k and * p ” ^  + ^  ^32) ve re d u c e  th e  d l r a c
m a tr ix  e lem en ts  u  u *uld u  $ ^  v  a p p e a r in g  in  (3 -1 2 ) t o  t h e i r  two
ccraponent fo rm a . At th r e s h o ld  and i n  th e  s t a t i c  a p p ro x im a tio n s , i . e ,  
s e t t i n g  a l l  E ’s  M, k e e p in g  o n ly  th e  lo w e s t  o rd e r  te rm s  ve have
-  ( 1  *  )  * >  ±
t t - n f u n , ,  ( 4 { F  -  t £ r )  «  »
( h - 6 )
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N e g le c t in g  th e  momentum t r a n s f e r r e d  k in  f r o n t  o f  th e  exchanged mas a
2 -  0B _  we a p p ro x im a te  t h e s e  a m p litu d e  a by th e  c o n ta c t  in te r a c t io n  uH * ^ , u
1
an d  v g iv e n  in  th e  fo l lo w in g  T a b le  w here we have c o l le c te d  a l l
th e  q u a n t i t i e s  e n t e r in g  our b a s i c  model a m p litu d e s  ( b - 3 ) ,  The wave- 
f u n c t io n s  a r e  ta k e n  from  C h ap te r  I  (b u t  w ith  t h e  e x t r a  n o rm a lisa tio n  
f a c t o r  f a  u s e d  i n  t h e i r  c a l c u l a t i o n  b y  r e f ,  l )  and th e  sp in  
h a rm o n ic  f u n c t io n  1b ta k e n  from  A ppendix  I I .  The la o s p ln  p a r t  o f  th e
H , a m p litu d e  can  be w r i t t e n  u s in g  th e  d e f i n i t i o n s  o f  F ig ,  33.
P 1
"v
F ig .  33. I s o a p jn  C onv en tio n s
F o ie  D iag ram
U -0 )
r e s c a t t e r i n g  ( j i  exchange  c o n t r ib u t io n )
£  f t  Q * )  ( i  -c ,  V - i t
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where ^  s ta n d s  f a r  th e  I s o s p in  v e c t o r  o f  th e  f i n a l  tv o  n u c le o n  s t a t e ,  
“ff"^ ®*id T f a r e  th e  i s o s p in  o f  t h e  incom ing  p io n  and  r e a c a t t e r e d  p io n  
r e s p e c t i v e l y .  The Nit i s o s p in  s t a t e s  ( - i  *f g) and
a r e  m a t r ix  r e p r e s e n t a t i o n s  o f  s ta n d a r d  i s o s p in  w ave f u n c t io n s  f o r  th e  
d e u te ro n  and th e  s t a t e  r e s p e c t i v e l y ,  (See A ppend ix  I I )
Summing o v e r  t h e  i s o s p in  o f  th e  r e s c a t t e r e d  p io n  ( th u s  a l lo w in g  
f a r  c h a rg e  exchange r e s c a t t e r i n g  as w e l l )  we have
z Jt  fc*~ n f  n £
I  -* 7 “ -w
C i r c u l a t i n g  th e  u n d e r th e  t r a c e  and u s in g  -  ‘i and  'T j  1  T z -  —T
we p e rfo rm  th e  t r a c e s  u s in g  r u l e s  (h - 1 9 )  and u s in g  a l s o
ve o b ta in  th e  i s o s p in  f a c t o r s ; 
P o le
_ J _  t r  x - n*) -  -V *  y  * . tt ,+  -fc
\ p r
U - l l )
p  - r e s c a t t e r l n g
i f T
,  x V Z
U -1 2 )
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T ab le  o f  re d u c e d  v e r t i c e s  ( h - 7 )
*■ (~ v  CT u ('f} ^  T" '
* c-w C  *tw _ 2l  f i l *  )  r * * ,  L M  J
* Tw  C H ; 2  ( - a w p  ^ T T T i
■C H-t-ty
U ti )  u  £,■&-(**> i f i t -  < T - r p - l ? j  t r * * , , , .
wt uf-itfjc £Trti 
£* *c -w/
-M trfk;i3CUTfV 
£* w
-JttH ( v 4) ^  +
{ X  ( i r t * V ' ) * i  ( & l x > )
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3 . R e d u c tio n  o f  th e  P a r t i a l  Wave A m plitude
i i  , 5"
A ll  I n g r e d ie n te  o f  th e  Jf jf  m odel b e in g  p ro p e r ly  d e f in e d  
and l i s t e d  f o r  r e f e r e n c e  i n  T a b le  (U-T) ve p ro c e e d  t o  c a l c u l a t e  th e  
p a r t i a l  wave a m p litu d e  Jfl J ?T U sing  e x p re s s io n s  ( U—U>
and ( k - 3 )  a lo n g  w ith  th e  p re v io u s  t a b l e s  we f i r H t  e n c o u n te r  th e  f o l ­
lo w in g  e x p r e s s io n s :
n I i
%
*»n J t
%
A ' + t ' - C - v j
!•'-if-*)*-
CUii*)
w here ABCD and  A'B'C'D* a r e  w e ig h te d  t r a c e s  c o l l e c te d  in  t h e  fo llo w in g  
t a b l e s
F o ie :
a - ( fc { <r* P t f  »V; v f  J
a - j | r  t  <r. x V )  c-ft'<r f  ct  J  (ll_l5)
c - trt(w k JV2 r  fp*}') 1 tWp ffl ]
d -  M / T  k  {<5 ^  x7V 1  ^,1* f  r * ]
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r e  B a t t e r i n g  i
-  f  y  V g ) f  **f‘ ; b f a ?  < f * V )  *  e \ r *
B- -  • Y ) t  < £  t i - ^ « i . r T t p - « ; ]
o- - ITt*i*> k  <P-f) | 6>
D- .  a  1s ( V  k  { r ,  r ( f » y ; < r . ( f - « )  ^  ? T f  p t r ;  ]
  1
F i r s t  we e l im in a te  a l l  ^  u a t r i c e a  by1 c y c l in g  them  u n d e r  th e  t r a c e  and 
u s in g  sr *f fo r  th e  p o le  t r a c e s  and G^ <F -  — 0" f o r  th e
r e a c a t t e r i n g  t r a c e s .  We a l s o  r e a r r a n g e  th e  t h i r d  s c a t t e r i n g  m a tr ix  by  
u s i n g :
& ( £ * % ) ? ■ ( ? * }  -- • < ? ' * ;  -  < t * \ 4 )  (W T ,
th u s  r e p la c in g  i t  by tw o s im p le r  t r a c e s
f -  ( t > * V ) < r  r t * X t ) J
The t r a c e  o p e ra t io n s  a re  th e n  p e rfo rm ed  b y  u s in g  th e  s ta n d a r d  t r a c e  r u l e s
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M. C ,  C 1
|x* (T - O tn 6 j J)  ^ -D1
and. we o b ta in  th e  re d u c e d  t a b l e  it-12  f o r  w hich  u se  h a s  b een  made o f  th e  
n o ta t io n
T ab le  U-20 red u ced  t r a c e s
(a ) P o le  t
A: =  * £ $ 4 '  ( < ? * ¥ > * ? )
B: 0
O
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(b ) r e c c a t t e r i n g ; 
A’ :  i t (f*vy(wy - -tifcww-rj-ii'YfrK'hi)
;1, -  ■,( [itV *  I 4 J  ■ ( f f - f j j j i ' j?* V  J • ‘  W / - # * W ]
: 0
We can th e n  p e r fo rm  th e  a n g u la r  p a r t  o f  t h e  I n t e g r a t i o n s  a p p e a r in g  In  
e x p r e s s io n  (U -14}
W hile t h e  p o le  c o n t r i b u t i o n s  can be t r e a t e d  d i r e c t l y  in  momen­
tum  s p a c e t ve h av e  found m ore c o n v e n ie n t  t o  c a l c u l a t e  th e  r e e c a t t e r i n g  
te rm s  in  p o s i t i o n  sp ac e  i n  o r d e r  t o  com pare o u r r e s u l t s  t o  th o s e  o f  
e x i s t i n g  c a l c u l a t i o n s .  T u rn in g  f i r s t  t o  th e  r e s c a t t e r i n g  te rm  ( -U—3b) 
v e  im plem ent th e  s p e c t a t o r  p r e s c r i p t i o n  v i t h  th e  f u r t h e r
a p p ro x im a tio n  0 th u s  t a k in g  f o r  th e  p i  on p ro p a g a to r :
1  . tu . 1
f > '  -  -h ( ? - T T j* -  3 / ^ - h  ( f - T F
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and t h e  f a c t o r  + (p  -  k^ ) )  i n  becom es s im p ly  - ( F u r th e r
ccnm enta oo t h i s  a p p ro x im a tio n  v l l l  be made a t  th e  en d  o f  t h i s  c h a p t e r . )  
The p r o p a g a to r  can th e n  be  f o u r l e r  tra n s fo rm e d  in  p o s i t i o n  sp a c e  a c c o rd ­
in g  t o
-  i f t * *
e _  d V t
S L
Then, uH lng th e  g e n e r a l  e x p re s s io n
?-■£)(JVe VI*) ■= » p [ ^ e J v N
where v ( r )  ■ p  r~  ^ * r , and o b s e rv in g  th e  p o s i t  i o n s  o f  ( p  - ' k )  in
th e  r e s  c a t  t e r  ih g  t r a c e s  (l+-20b) one can r e w r i t e  them  an d i f f e r e n t i a l  
o p e r a to r s  a c t i n g  on th e  f o u r l e r  e x p o n e n t ia l  -  It) r  v h lc h  le a v e s
us w i t h  th e  f o u r  t y p i c a l  p o a i t io n - s p a c e  i n t e g r a l s  ( t h e  l a s t  tw o  o n e s , 
a r i s i n g  from  C 1 a re  a s s o c ia te d , w ith  v^) (U-2U) t o  c o n s id e r ;
C u (k } - v i* )
I ( f 4 ^ f - ( * x I V j j  ) e  C * r J V(*J
|4 v v j^  /(
( \  / M  l )  ^ )  e ' ( f t y  ' J y f y
I n te g r a t in g  by part®  c r e r  d ^ r  acid d ro p p in g  th e  v a n ish in g  ( V ( r )  -~ -^ 0 )
s u rfa c e  t « m t th e  d i f f e r e n t i a l  o p e r a to r s  can be nude t o  a c t  cn th e  
p o te n t i a l  V ( r ) ,  f o l l w i n g  th e  g e n e r a l  r u l e s
( j P / i ( ^ « t '^r)V('i) -. -  j  <Pa ? .* -  e
( W 5 )
* W  -’ H ^ T t s  V m ;  -  v ' f y
J  t - f f . F T . r V ' t y )
(<is/l ( Vze‘ = j  ^  £l1,'r vZ *tx)
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A pp ly ing  r u l e  (U -25) in  e x p r e s s io n  (U-2*0 {and le a v in g  a s id e  th e  dX2-p 
I n t e g r a t i o n  and  a l l  f a c t o r s  e x t e r n a l  t o  t h e  i n t e g r a l  s i g n  in  (1+-1M) we 
o b ta in  f o r  th e  3 - s t a t e  (u ) r e s c a t t e r i n g  c o n t r i b u t i o n :
- * ] *  ' %  (t.-f * '  V * ' f - v p , , « »  * {U-26a)
f o r  t h e  D - a ta te  (w) r e s c a t t e r i n g  c o n t r i b u t i o n :
f elK U) Ujk
~i h )  w r  v *
* U > u  - W f - t y - Q W - W W ]
and f o r  t h e  non v a n is h in g  F - s t a t e  {v ) r e s c a t t e r l n g  c o n t r i b u t i o n :u
, [ v " W - * & ] !
( U-2fib)
( l t -2 6 c) 
*
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Note t h a t  th e  l a s t  two d^k  i n t e g r a l s  (v  and } do n o t  depend on ^  ^
I f  ve ta k e  r  a s  our E -d ir e c t io n . One can thus a v e ra g e  D and F c o n t r ib u ­
t io n s  o v e r d t  u s in g  { z  > cos © fc)
A i
-  A  £
J t f  ) 7 * "  ( W l )
J. ( t ‘t ‘ . J .  X'A‘ ! . < • ) ]
Note t h a t  th e  P ,j(z ) te rm  makes a  v a n ish in g  c o n t r ib u t io n  to  th e
a
k k te rm  in  th e  p - s t a t e  a m p litu d e , N ote a lso  t h a t  th e  l o s t  te rm  o f  
th e  F - s t a t e  a m p litu d e  v a n is h e s  s in c e  u s in g  (4 -1 9 a ) t t h e  d i n t e g r a ­
t io n  y i e l d s  b ( ? x ■ G te rm , and  th a t  ( P 2 V ( r )  - ^ - V ' ( r ) )  ■
Vw ( r ) .  The D and P s t a t e s  a m p li tu d e s  a re  thus re d u c e d  f u r t h e r  t o  
(4 -2 9 a) and  (4 -2 9 b )
t r
(4 -2 9 a )
A Vv*)(rf«vn*«U)
•J - J  ( l |-2 9 b )
T7
. ,  l i t  *"? ikZ  e x p an d in g  e “ e in  e x p r e s s !  one
(**-26a) and  (U -2 9 ) ,  th e n  u s in g  th e  o r t h o g o n a l i t y  p r o p e r t y  (U -3 0 ) o f  
t h e s e  L egendre  p o ly n o m ia ls ,  a lo n g  w i th  t h e  f o u r l e r  t r a n s f o r m s  (^ -3 1 )
JS# +- I {*1-30)
U - 3 1 )
we b r in g  th e  momentum apace  r a d i a l  wave f u n c t io n  i n t o  p o s i t i o n  sp a c e  
and com bin ing  (*f-26a) and (*i-2 9 ) t h e  t h r e e  r e s c a t t e r i n g  c o n t r i b u t i o n s  
re d u c e  t o  th e  tw o i n t e g r a l s  ( U - 2 3 ) i  ( a p a r t  from  e x t e r n a l  f a c t o r s  an d  
th e  f i n a l  d - ^ p  i n t e g r a t i o n )
< * 0 V *
— &  - V * 'F )  (*** +H J)
(r t \
M  r  ?  -  b - r w f g ^ t * )
in t r o d u c in g  th e  a p p r o p r i a t e  s p h e r i c a l  h a rm o n ic a
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e * * * 1 * 1  H ) *  yj t rfi)
£ h *  (U- 3 3 )
I f  -  S '  y , i ‘ >
j l f . i t  ,  y „ ( * )
We can in t e g r a t e  over d .A r  in  e x p re s s io n s  (1+-32) and u s in g  th e  o r th o -  
n o rm a lity  o f  th e  and d e f i n i t i o n s  (lt-3U) we o b ta in :
and th e  f i n a l  in te g r a t io n  o v e r d J 7 p  w hich ap p ea r In  e x p re s s io n  (h - l i t )  
can a t  l a s t  he  perform ed on b o th  th e  p o le  (u s in g  th e  r e s u l t s  o f  T ab le  
(l^-SOa)) and th e  r e s c a t t e r i n g  a m p litu d e , U sing th e  p r e s c r i p t i o n  (U -36 )
j j n f  f f  ; ^
y ie ld in g  a  f a c t o r  (flTT /3)i f o r  th e  r e s c a t t e r i n g  (from  (1^-26)}
79
and 1 — - I  A '  f o r  th e  p o le  (from  ( li-2 0 a )} , We have th u s
red u ced  th e  j Jft- p a r t i a l  wave am p litu d e  t o  th e  sum o f term s
(J* -3 7 ):
((<-37)
where ve u se  th e  d e f in i t io n s
P  -  ^  +  f / £  w j
R  ,  £ L  f  i p  +  x  r ]
K  f  I  2 3 t *  M
<U_3S)
(**-39)
where and a re  o v e r la p  i n t e g r a l s  t o  be c a lc u la te d  In  p o s i t io n  space .
V  +^j /f V*J VV)J»
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y ^ C o u p lin g  and <T -R e a n a t te r in g
I t  1b now a  t r i v i a l  mat t a r  t o  e x te n d  th e  model d e s c r ib e d  in  
t h e  p re v io u s  s e c t io n s  t o  m ix tu re s  o f  b o th  IT H  c o u p lin g s . The r e s u l t s  
o f  C h ap te r  I I I  d i c t a t e  th e  fo llo w in g  m o d if ic a t io n s ;  
a j  P o le  c o n t r ib u t io n
F o r th e  "IT!? c o u p lin g  ve now ta k e  th e  m ix tu re
r„  ■ <5 - r v  i f )
and  th e  r e s u l t s  { u (p 'J  y  ^ u (p } ]j_ ^  ■ 0 and [ u ( p * ) y  'V (p )  1. ^  a t 1 o f
p .  32 i n d ic a te  t h a t  th e  5 and D s t a t e  w a v e fu n c tio n s  u and v  do n o t con­
t r i b u t e  t o  th e  A y ^ te r m  w h ile  th e  s m a ll com ponents behave j u s t  l i k e
2Mi n  th e  p re v io u s  s e c t io n  b u t w ith  th e  enhancem ent f a c t o r  • , Thus ve
H"
can r e w r i te  th e  P o le  c o n tr ib u t io n  {^ -3 9 ) as
b ) R e s b a t te r in g  c o n t r ib u t io n
In  o rd e r  t o  In c lu d e  p i  on r e e c a t t e r i n g  c o n s i s t e n t l y  v i t h  th e  
UN c o u p lin g  we new add th e  Q "-ex ch an g e  c o n t r ib u t io n  t o  uH ^ ^  u
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an d  uH v u s in g
K T ,  “ < 'k;  *  U
U ( - f )  H ^ w - V
(1+^3)
The 0 " - t e r m  th e r e f o r e  c o n t r ib u te s  o n ly  th ro u g h  th e  S and D s t a t e s  wave* 
f u n c t io n s  and y ie ld s  th e  same o v e r la p  i n t e g r a l  a s  t h e  - te r m  b u t  w ith  
a  d i f f e r e n t  w e ig h t th u s  a im ply  ad d in g  t o  t h e  r e s c a t t e r l n g  c o n t r ib u t io n  
R a  te rm
- 2 i J *  "  1 3
«#fi m }  h f
w hich  c a n  be ex p ec ted  t o  c a n c e l  m ost o f  t h e  u n d e s i r a b ly  l a r g e  
te rm  in
N ote how ever, t h a t  as th e  <r- exchange  was m eant t o  c o n t r o l  
t h e  l a r g e  y i e l d  o f  b o th  n u c leo n  p o le  g ra p h s  In  TTN s c a t t e r i n g ,  one 
m ust exam ine  more c a r e f u l l y  th e  r o l e  o f  th e s e  p a r t i c u l a r  g ra p h s  in  th e  
r e s c a t t e r i n g  c o n t r ib u t io n  t o  p lo n ic  d e u te ro n  d i s i n t e g r a t i o n .  T h is  can 
b e  d o n e  by ex p an d in g  th e  r e  s c a t t e r i n g  b u b b le  in  F i g .  3*t:
02
4“
(b )
F i g .  34* R o le  o f  th e  n u c le o n  p o le s  c o n t r ib u t io n s  t o  ~fT H s c a t t e r i n g
I n  p l o n i c  d e u te ro n  d i s i n t e g r a t i o n .
One can  a c e  t h a t ,  w h ile  th e  c r o s s e d  p o le  te rm  o f  F ig ,  (3 4 c )  
i s  a l r e a d y  in c lu d e d  in  th e  d e u te ro n  wave f u n c t io n s  ( d o t t e d  c i r c l e )  and 
s h o u ld  n o t  be  c o u n ted  a g a in ,  th e  d i r e c t  p o le  la  n o t and can  b e  re g a rd e d  
a s  p a r t  o f  t h e  f i n a l  s t a t e  I n te r a c t io n s  as su g g e s te d  by F ig .  (3 4 b ) .  
A lth o u g h  we h a v e  assum ed , on th e  b a s is  o f  t h e  r e s u l t s  o f  N .ft, c a l c u l a ­
t i o n s  t h a t  th e  f i n a l  s t a t e  i n t e r a c t i o n s  c o u ld  be  n e g le c te d ,  th e s e  
N ,R , m odels d id  n o t in c lu d e  th e  sm a ll com ponents o f  t h e  w ave fu n c t io n s  
a n d  c o u ld  ig n o r e  th e  p rob lem  o f  c o n t r o l l i n g  th e  la r g e  ^  ^ p a i r  te rm s  
in  s c a t t e r i n g .  Thus th e  d eco m p o sitio n  o f  F ig ,  (3 4 )  s u g g e s ts  t h a t
th e  CP - t e r m  in  th e  r e s c a t t e r i n g  m echanism  sh o u ld  be v iew ed  a s  c o n t r o l ­
l i n g  th e  l a r g e  e f f e c t s  o f  th e  Jf ^ p a i r  c o n f ig u r a t io n s  o f  b o th  th e  
i n i t i a l  and  f i n a l  s t a t e  UN v n v e fu n c tio n s  .
I n  o r d e r  t o  v e r i f y  t h i s  a ssu m p tio n  and to  e s t a b l i s h  th e  
g u i d e l i n e s  f o r  a  m odel o f  d e u te ro n  p ic n ic  d i s i n t e g r a t i o n  t h a t  c o u ld
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c o n s i s t e n t l y  i n c lu d e  th e  a n t i  n u c le o n  d e g re e s  o f  freed o m  f o r  a l l  m ix tu r e s  
o f  P .V .- F .S .  p i  on n u c le o n  c o u p l in g ,  v e  v l l l  th u s  mock up th e  e f f e c t  o f  
t h e  f i n a l  s t a t e  p a i r  c o n f ig u r a t io n  v a v e f u n c t io n s  b y  deco m p o sin g  th e  
Feynman p r o p a g a to r  Spfjj" -  k ♦ q ) in  F ig .  3^b a c c o r d in g  t o  ( 2 - 1 2 ) an d  
r e t a i n i n g  o n ly  th e  a n t in u c le o n  p ro p a g a tio n  te rm
t r f f c )  V t k )
The d ia g ra m  o f  F ig .  (3 ^ b )  re d u c e s  t o  an e f f e c t i v e  c o n ta c t  r e s c a t t e r i n g  
te rm  w h ich  y i e l d s  a g a in  t h e  o v e r la p  i n t e g r a l  1^ ,  w ith  a  H ign opp o sed  t o  
t h a t  o f  t h e  j )  - c o n t r i b u t i o n .  Thus in c lu d in g  a l l  e x t r a  te rm s  d is c u s s e d  
in  t h i s  l a s t  s e c t i o n  o f  o u r  m odel a m p litu d e  i s  c a l c u l a t e d  as
w i th  P ' g iv e n  b y  (h -U 2 ) and R 1 w r i t t e n  as  f o l l o w s :
R ‘ J X
Wf
f
j s
*
J )
Z.
_  S d r  « _  _  n ) r
■mfci- U n t r t f K .  Y j  3
f i l l
y Vrr M ir
1 -
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w ith  1^ and d e f in e d  by ( It—39 ) and w here th e  ^ p a r a m e t e r s  a r e  d e ­
te rm in e d  by  th e  c o n s t r a in t  o f  i f  N s c a t t e r i n g  u s in g  e x p re s s io n  (3 -1 8 ) 
from  C h ap te r I I I .
In  th e  n e x t and l a s t  c h a p te r  o f  t h i s  work ve c o l l e c t  th e  
n u m e ric a l r e s u l t s  o f  t h i s  a n a ly s is  f o r  th e  two fundam ental c a se s  % = 0
(p u re  P*V. T f If c o u p lin g )  and ^  = 1 (p u re  P .S . TJ"N c o u p lin g )  and 
p re s e n t  th e  g e n e ra l  c o n c lu s io n  o f  t h i s  d i s s e r t a t i o n .
V- NUMERICAL RESULTS AND CONCLUSIONS
1 , D e f in i t i o n  o f  t h e  C ro ss  S e c t io n
The s t a n d a r d  d e f i n i t i o n  f o r  a  two body r e a c t io n  c r o s s  s e c t io n  
can  b e  w r i t t e n  an
- J j t  i 5  i t n a
^  (5- 1)
w h ere  p^ and  p ^  a r e  t h e  r e l a t i v e  C.M. tacanentxm o f  th e  i n i t i a l  and f i n a l
p a r t i c l e s ,  W t h e  t o t a l  C.M. e n e rg y  and fla sb th e  s p in s  o f  th e  I n i t i a l
p a r t i c l e s  * In  o u r  c a s e ,  u s in g  a m p litu d e  h i- (if-^3 ) {w ith  an  e x t r a
1f a c t o r  2 a r i s i n g  from  th e  I n c lu s io n  o f  th e  c ro s s e d  g raphs r e q u i r e d  fo r
2
a  p r o p e r  a n t l s y m m e t r iz a t io n  o f  th e  f i n a l  pp s t a t e  , see  E ig . 35 ) we 
o b t a i n ,
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V
*  7
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F ig . 35. A n tia y ff im e tr lz a tlo n  o f  t h e  f i n a l  pp s t a t e  hy  i n c lu s io n  o f  th e
a p p r o p r i a t e  c r o s s e d  g ra p h s  s im p ly  re d u c e s  to  an e x t r a  f a c t o r  2 
a t  t h r e s h o l d .
[d e f in in g  th e  d lm e n s io n le s s  v a r i a b l e  ^  ■ < l/^ t a n d  u s in g  f o r  p ^  t h e  
th r e s h o ld  v a lu e  /J T m  g iv e n  in  C h a p te r  I )
|  % • ( £ )
3 z
(5 -2 )
w ith  .  f  2 * +  ( \ ! )
w here P 1 an d  It* a r e  t h e  f i n a l  r e s u l t s  (It-J+S) and  ( l+—1*5) o f  C h a p te r  IV .
a?
The s ta n d a r d  p a r a m e t r i z a t io n  o f   ^ p p ) i fl m ost o f te n  g iv e n  in
t e r n s  o f  t h e  in v e r s e  r e a c t i o n  pp -—+ n +d:
(5 -3 )
w here p (  c h a r a c t e r i z e s  th e  p ro d u c t io n  o f  s -v a v e  p io n a  and d e f in e s  
p—wave p io n s .  U sing  th e  p r i n c i p l e  o f  d e t a i l e d  b a la n c e  t o  r e l a t e  t h i s  
c ro s s  s e c t i o n  t o  i t s  in v e r s e  we have
■ W  *  3  £  £  *  * f i V
a c c o rd in g  t o  (5 -3 )  we have th u s  c a l c u l a t e d  th e  c o e f f i c i e n t  a
c o r re s p o n d in g  t o  a-w ave In co m in g  p io n s .  The seco n d  te rm  a r i s e s  from
p-w ave p io n a  and w i l l  be d o m in a ted  by th e  fo rm a tio n  o f  a  3 /2
re so n an c e  w hich  i s  n o t in c lu d e d  in  o u r  m odel. A v a i la b le  e x p e r im e n ta l
21d a ta  f o r  t h i s  p ro c e s s  y i e l d s
A ; s  | . t f i  * # f JL
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Bind ve can  th u s  com pare th e  r e s u l t  o f  o u r c a lc u la t io n  t o  t h i s  e x p e r i­
m e n ta l ly  d e te rm in e d  v a lu e  o f  J t .
2 , N u m erica l R e s u l ts
The d e u te ro n  w av efu n c tIo n a  u ( r ) ,  v { r )  and v ^ ( r )  used In  
e v a lu a t in g  th e  o v e r la p  I n t e g r a l s  1 ^ and 1 ^ ( s e e  p , 7 9 ) ap p ea rin g  in  the  
r e s c a t t e r i n g  c o n t r ib u t io n  H1, can be c a l c u l a t e d  from th e  g e n e ra l  expansion
U sin g  a  p a r t i c u l a r  s e t  o f  c o e f f i c i e n t s  (g iv e n  i n  T ab le  5 -1 2 )
( A o  *5  )  * l  **  ) x
f o r  each  o f  t h e  v a v e fu n c t lo n s  and  f o r  a  g iv e n  v a lu e  o f th e  - j |  N coupling 
m ix in g  p a ra m e te r  . These c o e f f i c i e n t s  w ere c a lc u la te d  by so lv in g  a 
r e l a t i v i s t l c  q u a s i p o t e n t i a l  e q u a t io n  d e s c r ib e d  e l s e w h e r e .^  The momentum 
sp a c e  v a v e f u n c t lo n s  u ( p ) t v ( p ) t Y ^(p) a p p e a r in g  in  th e  p o le  c o n tr ib u tio n  
P r a re  th e n  o b ta in e d  s t r a i g h t f o r v a r d l y  by F o u r ie r  tra n s fo rm in g  ( a n a ly t i ­
c a l l y )  th e  p o s i t i o n  sp a c e  v a v e f u n c t lo n s  ( 5 - 6 ) .
a )  P u re  p s e u d o v e c to r  U N  c o u p lin g  { ^  » 0 )
/ S'p a irs
d o es  n o t a r i s e  and  v e  can s e t  th e  - te rm  t o  0 and ve o b ta in  th e  r e ­
s u l t s  o f  T a b le  < 5—T)
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T ab le  (5 -7 )*  ^  ■ 0  C o n t r ib u t io n  t o
A
zx
J, I
Jli
J3
5flr JHr
Jh
Mf, n  x*
l.zt. - .5o •i? \.z 1
From th e s e  r e s u l t  a we can  draw  o u r  f i r s t  c o n c lu s io n *  Even i n  th e  ^  ■ 0 
c a s e ,  f o r  w hich t h e  s m a l l  com ponent a h a v e  t h e i r  s m a l l e s t  s i z e ,  th e y  can 
s t i l l  m ate a  n o n - n e g l ig ib le  c o n t r i b u t i o n  ( J ^  + ■ - 5l )  t o  o u r  m odel
a m p litu d e  f o r  t h r e s h o l d  p i c n i c  d e u te r o n  d i s i n t e g r a t i o n  b o th  th ro u g h  th e  
im p u lse  (Jg )  and  r e s c a t t e r i n g  ( J ^ )  m ech an ism s. T h ese  c o n t r i b u t i o n s  
a p p e a r  to  be  i n s t r u m e n ta l  in  c a n c e l l i n g  th e  S^D s t a t e  c o n t r i b u t i o n s  t o  
th e  p o le  d iag ram  ( th u s  le a v in g  th e  jO  - r e s  c a t  t a r i n g  a s  t h e  d o m in an t con­
t r i b u t i o n )  and t h e r e f o r e  i n d i c a t e  t h a t  th e  s m a l l  com ponents o f  th e  
d e u te ro n  v a v e f u n c t ia n s  have  m e a s u ra b le  e f f e c t s  i n  t h i s  p r o c e s s ,
b ) P ure  p a e u d o s c a la r  c o u p lin g  ( X _ = 1)
In  t h i s  c a s e  th e ^ u (p )  -  w (0 } /  /^ Im a k e s  no c o n t r i b u t i c n  t o  t h e  p o le  
te rm  ( s e e  e x p r e s s io n  (h-U 2 ) on p . 00  i n  w h ic h  th e  ( ^  -  1 ) t e r n  v a n is h e s )
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w hich re d u c e s  t o  t h e  v. te rm  o n ly
u-
f e f f i w l  -- u s  > » < i„  (5J)
L  1
T his 1b a  v e ry  la r g e  v a lu e  v h ic h  sh o u ld  b e  c o n t r o l l e d  by  th e  c a n c e l l a t i o n  
o f  a l l  th e  ^  d ep en d en t te rm s ( in c lu d in g  t h e  (T~ ) from  F 1 and R r , i . e . ,  
ve e x p e c t t h a t
4- ** a f l i  trt(» -pdrt j- + iL-Jr, J
y -  t / l *  [ w " ! ?  ^  H n w y  * j  (5 ^ 9 )
w i l l  h e  s m a l l  ( £ .  1 ) i f  v e  s e t  t h e  (J* - te rm  a c c o rd in g  t o  th e  c o n d i­
t i o n  (3 -1 5 )  o f  C h a p te r  I I I .  I t  i s  c l e a r ,h o v e v e r ,  t h a t  v e  c an n o t e x p e c t 
more th a n  an ap p ro x im a te  c a n c e l l a t i o n  In  o u r  m odel s in c e  a lth o u g h  th e  
p o le  c o n t r ib u t io n  i s  e x a c t ,  v e  have made h n u n b e r  o f  a p p ro x im a tio n s  in  
o u r t r e a tm e n t  o f  th e  r e s c a t t e r i n g  d ia g ra m . T h ese  s m a l l  c o r r e c t io n s  can 
a f f e c t  s e n s i t i v e l y  th e  c a n c e l l a t i o n  i n  ( 5 - 9 ) b e c a u s e  i t  l a  m u l t i p l i e d  
by th e  l a r g e  e x t e r n a l  f a c t o r  2H /JX  .
Im p lem en tin g  th e  c o n s is te n c y  c o n d i t io n  (3 -1 5 )  v e  ta k e  th e  
p a ra m e te r  t o  b e :
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and th e  c o r re s p o n d in g  r e s u l t  f o r  th e  A  = 1 c ase  a r e  g iv e n  in 
T a b le  (5-3.1}
T a b le  ( 5 - l l ) .  ^  = 1 C o n tr ib u t io n  to  c t
^ \
J3
M f i hr  
*• t *
*  
3fTf « -r
3 l i .15 I. 35
T h is  r e s u l t  s u g g e s ts  th e  fo l lo w in g  rem ark s :
I t  i s  now c l e a r  t h a t  in c lu s io n  o f  th e  - te r m  in  th e  r e ­
s e a t  t e r  in g  m echanism  b r in g s  a b o u t th e  e x p e c te d  c o n t r o l  o f  th e  la r g e
/5"V  p a i r  te rm s . A lthough  th e  e x a c t  r e s u l t  o f  th e  c a n c e l l a t io n  i s  s e n ­
s i t i v e  t o  s m a l l  u n c e r t a i n t i e s  in  th e  r e s c a t t e r i n g  m echanism , th e  l a r g e  
v ^ (p )  p o le  c o n t r ib u t io n  i s  m o s tly  s u p p re s s e d .
H ie f a c t  t h a t  th e  ^  - r e s c a t t e r i n g  th ro u g h  th e  sm all com­
p o n e n ts  o f  th e  d e u te ro n  ( J ^ )  i s  now m aking an u n co m fo rtab ly  la rg e  con­
t r i b u t i o n  b r in g s  o u r a t t e n t i o n  b ack  t o  low e n e rg y  T f  ^  s c a t t e r i n g .  
A lth o u g h  th e  -ex ch an g e  can c o n t r o l  th e  l a r g e s t  d is c r e p a n c ie s  in
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th e  j j ^  th e o r y f w hich o c cu red  f o r  t h e  sy m m etric  IT  N s c a t t e r i n g  le n g th  
b + , t h e  ^aeaon how ever can n o t a f f e c t  t h e  a n t ia y n m e tr lc  s c a t t e r i n g  
le n g th  b -  f o r  w hich a  s m a l le r  d is c r e p a n c y  re m a in s , ( s e e  T a b le  3 ,1 7 )  w hich  
can a f f e c t  o u r d e s c r ip t i o n  o f  t h e  r e s c a t t e r l n g  m echanism  in  t h e  £   ^
m odel o f  p io n ic  d i s i n t e g r a t i o n .
We b e l i e v e ,  how ever, t h a t  a p r o p e r  in c lu s io n  o f  t h e  s t a t i c  
c o n t r ib u t io n s  o f  th e  / i  ^  P o l*  d ia g ra m s  ( s e e  F i g . (3 6 ) )
F ig , 3 6 . R esonance p o le  c o n t r i b u t i o n s  t o  s c a t t e r i n g .
to  t h e  I f  N s c a t t e r i n g  le n g th s  can r e s o l v e  t h i s  d is c r e p a n c y  an d  t h a t  
when in c lu d e d  in  o u r m odel o f  d e u te r o n  p io n ic  d i s i n t e g r a t i o n ,  t h i s  con­
t r i b u t i o n  w i l l  b r in g  t h i s  m odel in  b e t t e r  ag reem en t w ith  th e  d a t a .
Our ^  ■ 1 c a l c u l a t i o n  t h e r e f o r e  s u g g e s ts  t h a t  i t  I s  p o s s ib l e  
to  c o n s t r u c t  models o f  p lo n  a b s o r p t io n  I n  n u c le i  w hich  in c lu d e  t h e  s m a ll  
com ponents o f  th e  n u c leo n  v a v e fu n c t lo n s  ( a n t in u c le o n  d e g re e s  o f  freedom ) 
f o r  a l l  m ix tu re s  o f  t h e  P .3* ( *hd P .V . < f * i s ) t r  c o u p lin g s
p ro v id e d  t h a t  th e s e  m odels be  c o n s i s t e n t  w i th  th e  c o n s t r a i n t s  o f  'Tf- H 
s c a t t e r i n g .
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Tafcle 5 -1 2 . Wave fu n c t io n s  C oef f j c i e n t a  t o  b e  Used In  E x p an s io n  5 - 6 .
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APPENDIX I  
POLE DIAGRAM CONTRIBUTION TO PICNIC 
DISINTEGRATION OE THE DEUTERON
To g a in  a  g lo t ta l  i n s i g h t  in  t h e  p o s s ib l e  e f f e c t s  o f  th e  p a i r  
c o n f ig u r a t io n s  o f  th e  d e u te r o n  i n  th iH  p ro c e s s  we have p erfo rm ed  a 
c o m p le te ly  r e l a t i v i s t i c  c a l c u l a t i o n  o f  th e  n u c le o n  p o le  d iag ram  c o n t r i ­
b u t io n  t o  th e  r e a c t i o n  t o t a l  c ro s s  s e c t i o n .
F ig ,  A - l ,
P ro p e r a n tis y T n ra e tr is a tio n  o f  t h e  a m p litu d e  u n d er exchange o f  
th e  f i n a l  tw o p ro to n s  i s  im plem ented  by c a l c u l a t i n g  th e  d i f f e r e n c e  o f  
th e  tw o  d iag ram s o f  F ig ,  A - l .  The c o r re s p o n d in g  Feynman a m p litu d e  can 
be w r i t t e n  as  ( n e g le c t i n g  th e  p h ase )
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m  -■ j  lk*> *V i/
4 4  1 > ( A - l )
tfe t a k e  t h e  p io n  a b s o r p t io n  v e r t e x  t o  be  a  m ix tu re  o f  th e  
P .O . and P .V . c o u p lin g s  and  th e  d e u te ro n  s t r u c t u r e  i s  d e s c r ib e d  by th e  
w e l l  known B ls n k e n b e c le r  and Cook v e r t e x ,  w h ich  in v o lv e s  th e  fo u r  v e r t e x  
I n v a r i a n t  f u n c t io n s  F G H I ;
C ' - r - %  ( « >
i f . 1 v (A - 3 )
In  t h e s e  e x p r e s s io n s  ve  a re  u s in g  th e  l a b e l s  t ,  u f o r  book­
k e ep in g  p u rp o s e s .  ^  i s  t h e  p o l a r i z a t i o n  v e c t o r  o f  th e  d e u te r o n .  The 
n o ta t io n  A*B i n d i c a t e s  a  s c a l a r  p ro d u c t o f  ^ - v e c t o r s „ N ote t h a t  we 
a re  im p lem en tin g  i  bos p in  d i r e c t l y  by  u s in g  t h e  ch arg ed  p io n  c o u p lin g  
c o n s ta n t  g .
In  o r d e r  t o  e v a lu a te  t h e  c ro s s  s e c t i o n  from  a m p litu d e  (A - l)  
we in tro d u c e  a  c o v a r i a n t  e x p a n s io n  o f  th e  g e n e r a l  a m p litu d e  u (p 2 )Mcu Cp^) 
f o r  th e  l t d — * pp r e a c t i o n  In  te rm s  o f  s i x  r e a c t i o n  i n v a r i a n t s  At B ,
C, D, £ ,  P* ( s e e  r e f  21)
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M  -  f t  y * +  s  y s ^ - Q  +
f  £ y * d  2 %  + F y s § - f (A—It)
in  which d la  th e  d e u te ro n  it-mcmentum and ? t Q a r e  fo u r  v e c to r s  d e f in e d  
by
f  * i ' i r  + K *
(A -5)
The c o n t r ib u t io n s  o f  t h e  P o le  a m p litu d e  (A -l)  t o  th e  r e a c t io n  
in v a r ia n t  a a re  th e n  c a lc u la te d  an d  we o b ta in  t h e  r e l a t i o n s  o f  T ab le  (A -9) 
g iv in g  th e  r e a c t io n  in v a r ia n ta  i n  te rm s o f  t h e  d e u te ro n  v e r t e x  fu n c tio n s *  
Throughout t h i s  ap p en d ix  we ta k e  t h e  z d i r e c t i o n  t o  be a lo n g  d in  th e  
C.M, w ith  ^  and d e f in e d  a s  I n d ic a te d  i n  F i g .  (A -£)
F i g .  A -2 .
97
T a b le  A -9 , P o le  C o n tr l ’tmtl&nB t o  th e  R e a c tio n  I n v a r ia n t s ^
+  * ? I ~ * ( H ,V  +
+  ^ f ' ^ } f  & % )  -  & < M  - x t H t V - H t f j ) }
c f 4 . ‘  +-
f *  = 1 ? f  '••► ' M  *  ^ f s r 1 / I ' M - I H . . J
where the notati on G stands for; ( f* ,. )t.U I till
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The argum ents o f  t h e  d e u te ro n  v e r t e x  f u n c t io n s  a p p e a r in g  In  T a b le  (A -9) 
a r e  d e f in e d  as  (s e e  F ig .  A - l)
f  ■ M  ■ f - K
t  . t.-f. . 3 _f
f i t  — i  * i
They can be c a l c u l a t e d  In  th e  C.M. fram e ( f o r  w hich  J “ 1^1)
i f  i  ■ / £ %  v - k - 7 ? ^
f * 1 ‘ f g + r + H * *
as
(A -7 )
N ote t h a t  th e  p o le  f a c t  a r e  (it2 a p p e a r in g  in  th e  n e x t t a b l e  canX , u
b e  c a lc u la te d  from  e x p r e s s io n s  ( A - l l )  on page 9 0 1 g iv in g ;
C » 9
*  &  - * ' )  -- -  * / • /  ^
(A-0)
A ll  r e le v a n t  fc in e m a tic a l  q u a n t i t i e s  w i l l  be properly defined i n  th e  C.M. 
frame at the end of this section.
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U sing ex p an sio n  (A—U) one can th e n  c o n s t r u c t  an f u n c t io n s  o f  
th e  s i x  r e a c t io n  in v a r i a n t s  a s e t  o f  s i x  in d e p en d e n t he 11 c i t y  a m p litu d e s  
( r e f .  Vaaav&da, Wick) from w hich  th e  c ro s s  s e c t io n  can th e n  b e  s t r a i g h t ­
fo rw a rd ly  computed a c c o rd in g  to
  .  ) i  1  ^  T  / J j , I £
d i l  '  4  ^  j (A -io )
T ab le  (A -lli)  c o n ta in s  th e  k in e m a tic  c o e f f i c i e n t s  r e q u ir e d  t o  c o n s t r u c t  
th e  h e l i c i t y  am p litu d es  from th e  r e a c t io n  i n v a r i a n t s  a p p e a r in g  in  e x ­
p r e s s io n  (A-l*).
Gy u s in g  th e  p r o p e r t i e s  o f  th e  M andelstam  v a r i a b le s
4 =  C f  H i *  h 1 *■ 1  h '- t y u L -
t * f £ - f  j1 . r T  + K  - 1 ( f r y  £ ^ ) c f1 (A-ll)
which a re  such t h a t
4 f  \r + u. « £  n\l  .. *-1*1' (A -1 2 )
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T ab le  A -llt . M atrix  o f  K inem atic C o e f f ic ie n t s  K g iv in g  th e  H e l lc l ty  
A m plltudea In  F u n c tio n  o f  th e  R ea c tio n  I n v a r i a n t s .
n © c 3> c F'
K Q tK ^ o -Jjr*-*1?)5-'® 0 /riTsr /T
Ht o o (^'+Cn^
‘ /? vr o sz
«> o o tfT
<1^ 0-<«?)
iTC o vr
o \TT 0
-<y*-«iy**
<nr o
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Ve can c a l c u l a t e  a l l  th e  k ln e m a t lc a l  q u a n t i t i e s  r e q u i r e d  by 
T a b le  (A -lU ) In  t h e  C,H. fram e s o le l y  I n  te rm s o f  r e s t  m asses  and o f  
th e  la b  fram e k i n e t i c  energy  E n  o f  t h e  incom ing  p io n . T ak ing  
■ ( f t  + Ejf ) one has
Lab
A ■ +■ Cf4-*En'>
{A-13)
th e n  u s in g  ( A - l l )  and  (A -12) one o b ta in s
a  *  f r * - -  H 4
(A-lU)
Thus a l l  q u a n t i t i e s  a p p e a r in g  in  T ab le  A-lU a re  p r o p e r ly  d e f in e d  as 
f u n c t io n s  o f  *
APPENDIX I I
MATRIX REPRESENT ATI ON FOR THE NN SPIN HARMONIC FUNCTIONS
F te la t iv ia t i c  c a lc u la t io n  o f  p ro c e s s e s  In v o lv in g  th e  NH system  
a re  m oat c o n v e n ie n tly  perform ed by c o n s id e r in g  Feynman d iag ram s In  
w hich th e  NN v a v e fu n c tio n s  appear as v e r t i c e s  a long  a  ferm lon l in e *  
th u s  r e q u i r in g  a  m a tr la  r e p r e s e n ta t io n  o f  th e  sp in  and  Is o e p ln  fu n c tio n s  
The u s u a l d i r e c t  p ro d u c t r e p r e s e n ta t io n  f o r  th e  s i n g l e t  (B - l)  
and t r i p l e t  (B-2) NN s p in  s t a t e s  v a v e fu n c tio n s
K ," (»  (B l)
> < t')  <*(»■; e - - '
X O j f l M  +  „
W  I  \ f t  (B -2)
a  * - i
can h e  r e w r i t te n  a s  m a tr lc e a  by d e f in in g  th e  m a tr ix  r e p r e s e n ta t io n  o f  
d i r e c t  p ro d u c ts  su ch  as 0 ^ ( 1 } (2 ) a c c o rd in g  t o
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Jtrf \  _  f  a
* t t _ £  i
<B-3)
I n t r o d u c in g  th e  p o l a r i z a t i o n  v e c to r  f o r  th e  t r i p l e t  s t a t e s  and
r e l a t i n g  th e  r e a u l t a  t o  th e  a p p r o p r ia te  ( J " - m a t r ic e s  one o b ta in s  th e  
m a tr ix  e q u iv a l e n ts  o f  ( B - l , 2)
%0*
X M
i * )
<S-l4)
7 f
w here  ^  ^  f a t 1* ~l > ° )  *
T h ese  form s can  be d i r e c t l y  u sed  t o  c o n s t r u c t  th e  ia o a p in  p a r t  o f  Feynman 
a m p litu d e  aa i n  p . 6 6 ,
F o r  th e  a p tn  w a v e fu n c tlo n s  th e a e  r e s u l t s  m ust s t i l l  be  c o u p led  
t o  th e  o r b i t a l  a n g u la r  momentum p a r t  o f  th e  NN w a v e fu n c tlo n s  Y * < » -  
u s in g  s ta n d a r d  C leb sch -G o rd ao  c o e f f i c i e n t  a a c c o rd in g  t o
I
(B -5 )
'* * 1 '  N
C a lc u la t in g  t h i s  e x p a n s io n  f o r  th e  s t a t e  w hich  a p p e a rs  i n  th r e s h o ld
p io n ic  d i s i n t e g r a t i o n  o f  th e  d eu tero n  we have f o r  » 1
J
f o r  Mj -  0
f  y , Q ( f ) j ^  * i ( \ ]  (B-6b )
+  C O " , - " ) y n t f )
f o r  Mt »  - 1  J
J t tA
+ C (  i " ,-to) y ^ c f )  | i  * tB-6c)
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u s in g  th e  r e s u l t s
H I<r - r _  /  -I
(-1
* r  -  &
( B - T )
t f ' ,
0 - )
and  th e  c a r t e s i a n  r e p r e s e n t a t i o n  o f  s p h e r i c a l  h a rm o n ic s
Xt/f' ■ & <t±rV
(B -8 )
y - « f >  •  i
v e  can r e w r i t e  a l l  t h r e e  e x p re s s Io n a  (B—6 ) u n d e r th e  s i n g l e  form
H  ‘ > h  - i ] l h f ^ € ^ ‘ ^ ) e f 'L]  ( B - 9 )
O x ,*  1
w hich  we have u s e d  I n  o u r  c a l c u l a t i o n  o f  th e  p a r t i a l  wave a m p litu d e  
f o r  t h e  r e a c t i o n  Tfd — > p p .
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